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INTRODUCTION:

A reentry oxidation'analyais was performed, as required by Reference (1),

to determine the reentry thickness loss of bare RPP in the event of coeting loss

prior to reentry. This date will be used, in conjunction with structural anslyses,

to define the totel skin thickness required to provide & feil safe design.
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APPROACH :

Surface recession retes were computed st ten locetions around the leading
edge periphery using & VMSC one-dimensional eblation routine which accounts for
reaction rate control, trensition and diffusion control oxidation mechanisms.
Oxidation characteristics of bare RPP were based upon plesme arc test data as
reported in Reference (é). Emittence and specific heat of bare RPP were also
taken from Reference (2), while thermal conductivity was assumed equal to that
of coated RPP and was taken from final characterization data in Reference (3).

Effects of cross rediation were included in the oxidetion analysis by
permitting the inside surface of the skin to participate in radiant interchange
with a surface of specified time variant temperature equal to the average tempera-
ture within the leading edge cavity. This cavity temperature was taken from
Phase II cross rediation analysis results as reported in Reference (3). Since
the average cavity temperature could conceivably be different for the thick skin
feil safe design then for the thin skin Phase II design, & comperison was made
of peak inside skin temperatures from Phase II cross radiation analyses and from
the current abletion analyses to determine if a correction was required to the

Phase II cavity temperature.

RESULTS:

Computed maximum inside skin temperatures sre presented as & functi on
of location on the leading edge in Figure 1, and are compared with Phase IT
cross radiation analysis results. The close agreement indicates that the average
cavity temperasture obteined from Phase II enalyses and used in the current ablation
analyses for determining cross radietion effécts upon skin temperatures is gquite

reasonable.
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Oxidation results are presented in Figures 2 and 3. Thickness losses
for ten locations on the leading edge are shown in Figure 2 as a function of
entry time, The maximum thickness loss from these curves is cross plotted as
a function of location on the leading edge in Figure 3. It is seen that the
peak thickness loss at the stagnation line is 0,236 inch, and that this drops
to 0.076 inch on the windward side trailing edge and to essentially no recession

on the leeward side trailing edge.

RECOMMENDATIONS :

It is recommended that 20% additional thickness be added to the surface
recession values in Figure 3 for margin. This value is based upon plasma arc
date scatter about theoretical oxidation losses in References (2), (4), and (5)

and in the recent wing tip model tests at NASA-MSC.
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INTRODUCTION

Thermel anelyses were conducted to determine the predicted temperature

distribution in the leading edge skin and rib of the space shuttle vehicle wing.

This analygis is part of Phase III of the "Development of & Thermal Protection System
MJMM&SMM&LM_MSC Contract No. NAS9-1122L4, In this

hase e ate leading ed is examined in an effort to achieve a one mission

feturn cepability in the event of coating failure. In eddition the heat shield insula-

tion design goal is to protect wing structure having a 350°F tempersture limitetion,

compared with the 650°F limit of Phase II.

The thermal enslyses were performed uéing VMSC computer routine which

accounted for cross radiation, conduction and heat sink effects. Only the first 660

seconds of the reentry portion of the mission sterting from an altitude of 400,000 feet

was considered since both peak temperature and temperature gradients occur during this
182042 R1Y
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period. An initial tempersture of -1TO°F wes used in order to obtein worst

case thermal gredients (chenge in temperesture per unit of length) in the meterial.
Discussion of the enalysis is divided into three parts. The leading edge

skin temperature results are discussed first, followed by discussion of results

for the ribs in the cavity erea &nd in the support joint aresa.

CONFIGURATION DEFINITION

- Figure 1 shows & cross section of the leading edge and the insert shows &
typical leading edge penel and rib end sealing strip. The thermal enalysis for

the leading edge skin used e two-dimensional model of the cross section. The
enalysis for the rib used separate two-dimensional models for each of six locations
in the uninsulated cavity ares &nd two support joint arees. Deteils of the indi-

vidual thermal models will be discussed in thé following sections.

Thermel property date used in the analysis ere presented in Tables I through
IV, and are based upon SRI deta from Reference 2.

THERMAL ANALYSIS OF LEADING EDGE SKIN
The two-dimensional thermal model used in the analysis of the leeding

edge skin is shown in Figure 2. The substructure insulation surface wes repre-
sented by an adiabatic surface since the insuletion design has not been firmed.
This results in slightly conservative (high) computed insulation surface tempera-
tures.

The thickness of the leading edge skin is designed for a one-mission return
cepability in the event of coating feilure. The thickness loss with coating
 failure for 2L00 seconds wes determined-in Reference 1 and 120% of this loss was
added to the structurel thickness requirement of 0,13". The resulting thickness
is shown on Figure 3. The leading edge was divided into three nodes through the
thickness for the high thickness loss region, and into two nodes for the low-loss
region as shown on the thermal model of Figure 2. Node locations were chosen so
as to obtain temperatures at the centerline of the elements to be used in the
structural analysis.

The recovery temperature and the convection heat transfer coefficients used
in the analysis for the meximum heating location are presented in Teble V. These
are the seme es those used in the Phase IT enalysis of Reference 2. The convection
coefficient was modified for use et the other locations to account for the reduced
heat flux awey from the maximum heating 1ocation. The modification used for the
various exterior surface nodes of Figure 2 are presented in Teble VI, besed upon
the heating distribution from Reference 3. Also given on Table VI is the location

of the exterior nodes relative to the most forwerd point on the leeding edge.
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The predicted temperature at the peek heating locetion is presented as
a function of time on Figure L, 'The tempersture of the leading edge reaches &
peek of 2547°F at & time of 660 seconds, Temperatures &t the other locations
for this time are presented on Figures 5 and 6, The predicted surface tempera-
ture distribution around the leeding edge at 660 seconds is presented grephicelly
on Figure 5. Comparing these results to those of the Phase II analysis shows
lower maximum temperatures for the present study. The meximum temperature of
the skin is 254T°F compered to 2592°F for Phase II, and the meximum temperature
of the insulation is 22T2°F compared to 2396°F for Phase II. The lower tempera-
tures for this study ere the result of two factors: (1) higher skin emissivity
(Teble ITT values versus 0.85), (2) higher circumferential heat conduction due
to thicker skin, These two factors offset the reduction in cross radistion effect
due to & thicker skin. Comparing the current temperatures with radiation equili-
brium values based upon the Table III emittande data shows that the temperature
reduction due to cross radieation and heat conduction for the fail safe skin is
123°F, compared to 148°F for the thinner skin analyzed in Phase II.

One of the primdry purposes of the thermal analyses was to determine the
location and megnitude of the maximum thermal gradients in the leading edge. In
order to determine thermaximum gradient around the periphery of the leeding edge
the temperatures at verious times were plotted as shown on Figure 7., From this
dete it was determined thet the maximum gredient of S541°F/inch occurs between modes
12 and 14 on the leeward side, where the wing support insulation begins, at a
time of 400 seconds. This gradient is higher than the Phese II computed value
of 325°F/1nch. A finer nodel network was used in the current analysis in the
vicinity of the peak gradient in order to more eccurately define the magnitude
of the gredient.

The maximum thermal gradient through the thickness of the leading edge is
69T°F/inch and occurs et the maximum heating location at & time of 300 seconds.
THERMAL ANALYSIS OF RIBS IN CAVITY AREA '

Temperatures in the ribs were predicted for six locetions around the leading
edge: 2", 9", and 18" wetted distance on the windward side, and 2", 5", and 8"

wetted distance on the leeward side.

The seeling strip between the leading edge panels was included in the
thermel model., The thickness of the seal strip lip was taken as the minimum of
0.13" or 120% of the thickness loss with coating failure.
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The two dimensional thermal model for the rib included the rib, one half
of the sealing strip, surrounding rediating structure, and approximately five
inches of the panel skin, Node dimensions in the rib were selected to corres-
pond to the grid points used in the structural esnalysis model. Figure 8 is &
sketch of the model. Subsequent analysis verified that including only five
inches of the penel skin wes adequate since the temperature difference between
the skin nodes fartherest eway from the rib was negligible.

The temperature of the radieting structure node weas input as & function
of time, as shown on Figure 9. The temperature-time profile was determined
as the average temperature of the insulation nodes from the leading edge skin
analysis,

Predicted temperatures for the rib and adjacent skin ere presented on
Figure 10 for a time of 660.0 seconds. Results of the leading edge skin analysis
are included on the figure and sgree very well with the predicted skin tempera-
tures obtained in the rib enelysis, This indicates that the use of a single
temperature curve, Figure 9; to represent rediating structure adequately sccounts
for cross radiation effects..

The rib temperature at the meximum heating location is presented in Figure
11 for several times during entry. From the figure it is seen that the maximum
temperature drop across the rib occurs et a time of 260 seconds, The maximum
temperature drop is 346°F compared to 300°F computed in Phase II. This is due
to the lower thermal conductivity used in the current enalysis es compared to
the Phase II design value. The current conductivity is based upon the Southern
Reseerch Institute data from Phase II (Reference 2). The temperature distribution
gcross the rib and adjacent skin et this time is shown in Figure 12 for six
locetions around the periphery of the leading edge. Similar datea is presented in
Figure 13 for en entry time of 4OO seconds, corresponding to the time of maximum
temperature gradient sround the periphery of the leading edge skin.

The rib temperatures presented in Figures 10 - 13 apply to the me jor portion
of the rib which is free to participete in cross-rediation with skin and other
structure., These results do not epply in the support joint areas where the rib
and adjacent skin are covered with insulation. Temperatures in the support Jjoint
areas are discussed in the following section.

THERMAL ANALYSIS OF RIBS IN SUPPORT JOINT AREFA

The windward and leeward side support joint sree ridb temperatures were

ama lyzed using 70 node three dimensional thermal models. These models included
heat conduction along the skin and carbon-carbon rib, escross the fused silice
insulators and into the steel bolt end Haynes 188 support fitting. Cross
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radiation from the skin and surrounding structure to the portion of the rib out-'
side of the bulk insulation was considered, as was leat conduction through the
bulk insulation and into the support joint. The carbon-carbon rib portions of
the windwerd and leeward side models are shown in Figures l4 and 15, respectively.
Computed temperatures in the windward side support joint are shown in Figures
16 and 17 for entry times of 260 and 40O seconds, respectively., These are the
times of peak temperature drop a&cross the rib in the cavity area and of peek skin
temperature gradient, respectively., Similar temperatures.for the leeward side
are shown in Figures 18 and 19. It is seen that the temperature drop acrose the
rib for the windwerd side, between nodes 6 and 37 is 1191°F at 400 secs.ThiB temperature
drop peeks et 380 seconds et & value of 1205°F, as shown in Figure 20 which
presents the temperature distribution in the rib under the support lug. This
compares to & value of 1100°F computed in Phase II. This drop is considerably
higher than that in the cavity area because,
° Heat transfer from skin to rib is by conduction only,
since bulk insulation suppresses cross radietion.

®  The rib height is higher in the support joint area
than in the cavity area,

°  Attachment hardware at the inboard side of the rib
serves 88 a heat sink to maintain relatively low
temperatures,
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TABLE I
SPECIFIC HEAT OF RPP
TEMP., °F -200. | 200. [ 500. | 1000. | 1500.] 2000. | 2500. | 3000.
Cps BTU/LB °F .105 .2 .26 | .322 | .37 395 | .415 | .426
TABLE II
THERMAL CONDUCTIVITY OF RPP (NORMAL DIRECTION)*

TEMP., °F -250. 0. | 330. | 500. | 750. |1000; | 1500. | 1940. | 3000.
K, BTU-IN/HR FT2 °F | 14.6 | 30. | 40. 44. 48.2 150.2 |50.3 | 50. |44.6
TABLE 111

EMISSIVITY OF RPP
TEMP., °F | -200. | 500. | 1000. | 1500.] 2000. _2500. | 3000.
€ .85 | .85 | .893 | .925 .94 | .935 | .898
TABLE IV
DENSITY OF RPP
TEMP., °F -250. 3000.
£, LB/FT3 85. 85.

* Conductivity

for parallel direction is 1.90 times these values.
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MAXIMUM HEATING LOCATION

RECOVERY TEMPERATURE AND CONVECTION COEFFICIENT

TIME RECOVERY TEMP CONVECTION COEFFICIENT
SECONDS °F BTU/HR FT2 °F
0.0 49540, .038
1100. 49540. .19
200. 49540, .57
250. 49540 1.13
300. 49540, 2.36
350. 49540, 3.2
400, 48740. 3.36
450. 47940, 3.35
500, 46640. 3.44
600. 44940, 3.58
700. 42640, 3.78
800. 40540. 3.99
1000. 35040 4,57
1200. 29790. 5.06
1400. 23940. 5.55
1600. 18090. 5.89
1800. 12840. 6.26
2000. 8280. 6.51
2200. 4440, 8.03
2400. 1690. 8.03
2600. 332. 7.26
2800. 15. 8.63
3200. 3. 9.82
3600. 69. 12.8
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MULTIPLICATION FACTORS FOR CONVECTION COEFFICIENTS

NODE NO. MULTIPLICATION Xn >y
(FIGURE 2) " FACTOR INCHES INCHES
2 .04 6.71 137
4 .04 6.32 -12.69
6 .04 5.8 -12.15
8 -04 5.43 211,53
10 .04 4.86 -10.81
12 -044 4.19 - 9.9]
14 .05 3.43 27801
16 .06 2.76 - 7.91
18 .073 2.15 - 6.91
20 N 1.61 275.91
22 128 1.12 - 4.91
24 235 .71 - 3.91
27 571 .37 22.91
30 .757 15 - 1.91
33 ____.844 .03 = .94
36 9 0 0
39 .95 .075 .97
42 1. .26 1.97
35 1942 57 7.95
48 .89 1.0 3.92
51 .865 1.53 4.92
54 -841 711 5.90
57 .825 2.74 6.89
60 .814 3.4 7.87
63 8 .19 8.87
66 762 4.99 9.87
69 .708 5.82 10.87
72 “664 6.65 11.87
75 1626 7.56 12.87
78 .501 8.44 13.87
81 7563 9,36 14.87
84 .533 10.25 15.87
87 .507 11.25 16.87
90 -387 12.13 17.85
93 466 13.06 18.84
96 .45 14.01 19.82
99 341 14.94 20.81
102 .424 15.88 21.74
105 416 16.58 22.46
108 1 17.13 23.03
m 5406 17.59 23.51
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NOTE: TEMPERATURES SHOWN

@g ' - IN PARENTHES!S ARE SF AND
ﬂf’-";«e COCCUR AT 660 SECONDS
6.?’4:),# . FROM 400000 FEET .
Pay) Vo, 8 5 S
ﬁ;,y o/ 35_2:)—;UJ
6’4 , % /I,(’M;;*ﬂ
&"-J,‘ f /3@; 118 (z10%)
7 fys o
GJQ? / F"‘y-g 17 @242)
e, o .’6,/'
/>,
élza) 27 23 )
* 073‘
Gmysy [ 26ay
G °t 286
244, 23,2)
V23 (| 3,
6"0’) éh:) : CHORD LINE
23s6.) - - -
(2.5/6.) ‘39 37(1373)
> (2547) 42 4o G3ey) .
- 43 G370)
@) s 46 6355 |
(zws) 48 49348 1% Gaar)
‘ [y (133'-
s56)>! G 9
@-’f”) 54 58(_;33'> 5)
L‘“")” "'(7'11- .;\‘\'-D -)
e N e )
@L+°Q63'9 © na 6
g 2
o N
X o o
¢ " o ‘)%@4’ &
W \'_vo X o;v
o 97, $HP 9
b’, K\? 3 ;\@ 9 93 '\ &
I
Cd o &v.0
¢ & S I¥
(4 o DS S
J P
Ted @
o
. ~

FIGURE 6 SKIN AND INSULATION TE HMPERATURES .




T143-DIR-2~-07

Page 1k

T pEs NS RS TEES Y .38 iy 5] T e 1T
.. [EPESS N | 3 =3 s s + T
” jasay fRatisgsl 1 H R el sh ! i F+i 3
FOE® IR 44 b+ + + -4 th«:
1 11 t - 2 323 i
o~ 1] igyiss 1 & s T Jpai
: : It 17 : 2 Ty =
i Hls: il B RS PR RS T
i : X theke: . ; jeiatoy iaet: saReb
B o : RSas: sgunsn; T THT Ren:
: e i H-Tr b bt 1141 SSEN
T 1] vy e - SR T
R 1T 13 sl bu I8, iz R
B " pu spyn; 11 & 1 7 T
. B + 14 pa -2 q 44411 | R
: X Hiv b RS paay - g T Teegte
i eeages s eal aai S aiaanis satesass HF i
% tigest g i 3 Ry B
: pugsdds 13or : f BE At AN ghnns uns gy ou L4 eaudy
o S i y 8 B S+ H4+ LY H i Iva
v,iwm« ,.J ER5) s oAes . 414 1+ SER L3 P . ee
; SREIENES #) noks FoiT :
.%H: } (B spgs - Mnuu [Reess w TR
. R Ree: T4 - SeERs s § Jag
™ ooind a: Iy ]  nay aus  AuS SERESERN
: ’ |3 Iy 3 I, ; e S BN
e E i 1 h 1 13130
st H‘L e J,._H 24 1444 44t
Ty SR e G NS S U T
, 1 R shidn Rl ok S 5 s s : -
BT T S IR sy gees sgphe aaz fest: 11 T i
—ﬂ : Hahpis 17T iEs : SR gy
D\_ R SR sivel Bun it §. SR
: NG FRenaRe I 15 i ke
s - b }
: U Am : Jaksas J Tty i s 1 JREEEENS
: Satd it bha 1y o !
BaE: SE SRR 12=] Sasshdl i & E3A4E CE2Y
M B i 1 ISR ¥ H N H
.nu‘ N Selat ERaaY 8 gy 3 H SIRN Ik
. b - - - i - 4 .4 .
A ) eRbs Ibes R Iees saan o : 3
N ue T Ry o vt
F 9] ! ;l«.vwv.r 1 lm 3
‘ 3 50 b1 pas * it
I 1 a1 aks 3 IGal i
. gt 410 pata it |35 o
: 3 11 e REYS & r14 v
) -+ ++ s H H44 444 + 44 2] Sy
Ty -+ 'er: R Y rpn Neaey .mH
44414 i g :
! ffass i RSy i 11 o
hubus 64 t+1 S o
N N i 15
i i
ISdas 3 s + .»“..
[S8us a8 4 r S C
PRt b T wfl S
T s b S it g
Lok ASuat i 11N Lo
a4 - b1 3 SO B bt
1 - 2 11 i
1 [N
PRE e ok g
¥+ sgamae +
41 |31 .
NG 14 113 :
LN muh :
nuﬂinu T e
Ry - y% ]
- 4
Pt + + | i
Siaua _ ; - fFt 1ER !
ym.w i W »: re i Vo3 ol .
. T porn STRE then
it rt ] Jrie 5% 4 .
- - -+ + Y. o e
s - ” nm s
tr i L N g
e lw» DG p54 '
1 o 1L
B T =T P
1 1
_




T143-DIR-2-07

Page 15
LOCATION DIMENSIONS (INcHES)
X H T T2
2" WINDWARD| 0.26 .65 02832 | 0.413
9" 1 4:' 9 '. ‘ 2 0-2' 3 0- 345
18 " 12.13 .50 | 013 0.247
2" LEEWARD | 0.15 1.82 | 0.192 | 0.321
5" j. 12 |.88 013 0159
8" " 2.76 .95 0.13 0.4
29(For xp=12.13" LOCATION oONLY)
A et
| R NI
T ud ) TN 28 (RADIATING
o le_0156" ——_ STRUCTURE)
L J 2 \
0135 fe RIB ‘“\,«\
> o . (— \~
4= k\‘
% .|4 056" T2 s
% 274p { ‘\,1
4 Iy J
s al0 T T "8 M3 ™
C oo l} 9 v)3 ' 16 *19 022 °2s %
a’ P - al4 als 2290 221 226

/ " - PANEL smn—/
SEALING STRIP L

FIGURE 8 RIB THERMAL MODEL
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DATE PAGE OF
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SYSTEM REF. G. O, NUMBER
3357-AA-1160
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F.T. Esenwein, R.J. Copeland, W.E. Agan, E. Matza, B.A. Forcht ’ .

3N INFORMATION:

RENCES:

“Development of a Thermal Protection System for the Wing of A Space Shuttle Vehicle,"

VMSC Report No. T143-5R-00124, 30 April 1972.
"Predicted Temperature Distribution for the Wing Leading Edge Skin and Rib", VMSC

Design Information Release No. T143-DIR-2-07, 13 July 1972.

ODUCTION:
The leading edge is attached to brackets bolted to the wing box as illustrated in

re 1. Analyses were performed during Phase Il (Reference 1) to determine the insulation.

ired to protect the wing structure having a 650°F temperature limitation. The temperature

tation has been changed to 350°F for Phase III analysis.

The purpose of the present analysis is to determine the attachment configuration

ired to protéct the wing structure from temperatures above 350°F. A number of attachment

epts are considered and the results of the thermal analysis were used to help guide in

selection of the attachment configuration to be ground tested. Pre-test predictions for

selected configuration are presented. Only the windward side attachment was considered.
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The thermal analyses were performed using a three-dimensional
thermal model and a VMSC computer routine which accounted for heat conduc-
tion along the skin and RPP rib, across the hard insulators at the support
joint, the steel bolt, the bracket, and across the insulation into the
é]uminum wing structure.' Cross radiation from the skin to the portion of
the RPP rib outside the bulk insulation was also considered, as was the heat

conduction through the bulk insulation and into the support joint.

CONFIGURATION DEFINITION

Two types of attachments were considered. Attachment number 1,
the baseline, has a one-piece bracket between the attachment bolt and the
aluminum structure; and attachment number 2 has a two-piece bracket. A

number of variations were considered for each type of attachment.

The three-dimensional thermal model used in the analysis is shown
in Figures 2 through 8. The model for the rib area is similar to that
which was used in Reference 2 to predict temperatures of the ribs in the
support joint area. The aluminum structure is represented by a block of
aluminum with adiabatic boundaries except at the bracket. Also the effect

of the titanium brace (Figure 1) upon the bracket is neglected for this

“analysis.

THERMAL ANALYSIS

The recovery temperature and the convection heat transfer coef-
ficients used for the external skin nodes were the same as those used 1in
the rib analysis of Reference 2. The external temperature of the bulk insu-
lation was input as a function of time as given in Figure 9. Thermal

property data used in the analysis is presented in the Appendix.
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A11 the analysis except that for the ground test predictions is
based upon an initial temperature distribution obtained from Grumman
Aircraft Corporation. The temperatures varied from 275°F at the exterior
surface to 180°F at the aluminum structure. This distribution represents
worst-case conditions where the shuttle makes a single orbit before landing;
and consequently, the structural temperatures remain high at time of entry
.due to residual boost heating. At this stage in the shuttle development,
the possibility of such high initial temperatures at the-time of reentry
is not known. Near the completion of the analysis, North American Rockwell
suggested using an initial temperature of 130°F, so the last run
(predictions for the ground test of the lug) uses -130°F.

A summary of the results is presented in Tables I and II. The type
of insulation used in the different configurations is also indicated on the
tables. The individual runs will be discussed in the following paragraphs

in the order listed in the tables.

Computed temperatures as a function of entry time for attachment
No. 1 (one piece braék'et shown in Fighre 5), variation 1 are shown 1in
Figure 10. Temperature of the RPP rib at its interface with the silica
inéulator peaks at 1721°F which is tolerable for the fused silica. The
steel bolt temperature peaks at 12095F, and the peak temperature of the
Haynes bracket is 754°F; both of which are tolerable. The aluminum
temperature is 385°F and rising at the end of the run (4500 seconds). Since
the aluminum temperature was already over the 350°F limit the run was not
continued. Extrapo]ation of the available data yields a maximum expected

aluminum temperature not greater than 422°F. Note that these peak
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temperatures are summarized on Tables I and II for each run. Also the
number of the figure containing the detailed results for each run (Figures

10 through 22) dis included on the tables for ready reference.

Variations 2 and 3 of attachment type 1 considered additional alu-
minum heat sink in place of the silica insulation at the cold end of the
Haynes bracket. The results of variation 3 show that the temperature of
the aluminum can be kept below 350°F by using sufficient additional heat

sink (1.526" x 1.8" x 2.85").

The results using variations 4 and 5 show that a thickness of
approximately 0.6" silicone laminate insulation at the bracket-~aluminum
interface is required to_ho]d the aluminum temperature to below 350°F. All
the previous runs have been made for silica hard insulation at the bolt
connecting the RPP rib to the bracket. Changing the bolt insulation from
silica to high density zirconia makes it necessary to use thickee"(approxi-
"mately 0;3" more) silicone lamfnate insulation at the bracket-aluminum

interface, as shown by the results for variation 6.

The results for the one-piece bracket showed that relatively
thick insulation is required at the bracket-aluminum interface. These
thicknesses require long bolts which introduce possible structures problems.
Because of this a two-piece bracket (called attachment Type 2 - see Figure

6) was investigated.

The results of the analysis for attachment type 2 are summarized
in Table II. Variation 1 utilized 0.25 inch thick silica between the hot
end and cold end of the Haynes bracket. This configuration is unsatisfactory

because the peak aluminum temperature may be as high as 429°F.
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In variation 2 of attachment type 2 most of the silica insulation
-was replaced with lower thermal conductivity Dyna-flex; with the silica
retained only at the bolts. Although this arrangement lowered the conduc-
tance between the hot and cold ends of the Haynes bracket, the peak tempera-
ture of the aluminum increased slightly, since the heat capacity of the
insulation had been reduced. (The density of silica is 118 1b/ft3 compared

to 6. 1b/ft3 for the Dyna-flex).

In variations 3 through 7 of attachment type 2 the cold end of the
bracket is made from glass silicone Taminate. Computed temperatures as a
function of entry time for variation 3 are shown in Figure 17. Temperature
of the.RPP rib at its interface with the silica insulators peak at 1721°F.
The steel bolt temperature peaks at 1208°F, and the peak temperature of
tﬁe Haynes steel bracket is 768°F. The peak temperature at the interface
between the Haynes and the silica laminate is 645°F and the peak aluminum

temperature is 292°F. Al1 these temperatures are tolerable.

Variation number 5 was investigated to determine the effect of
changing the bolt insulation from silica to zirconia which has a greater
thermal conductivity. For this configuration the peak temperature of the
interface between the silicone laminate and the Haynes bracket reaches 800°F
which is considered excessive. For this reason the run was not continued

and hence the peak aluminum temperature was not obtained.

Two methods were considered for reducing the interface temperature
to a tolerable value for zirconia insulators at the bolt. First, the thick-
ness of the Haynes bracket was reduced from 0.2" to 0.1" - variation 6.

This gave even worse results than before because of the reduced heat capa-

city of the bracket. The second method proved to be satisfactory because
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the peak interface temperature was reduced to 700°F and the peak aluminum
temperature is only 284°F. This method used the 0.1" thick bracket of
variation 6, but the thickness of the bracket at the interface location was
increased to 0.4" to provide more heat sink at that location. Although this
may not be a practical way to build the bracket it does indicate that with

proper location of the mass of the bracket zirconia insulators may be used

.at the bolt.

Attachment type 2 was selected for the test configuration because
in addition to providing adequate thermal margin it avoids thick insulators
with long bolts, and is very flexible with respect to design changes. Two
test configurations were ana]yzed:.'a preliminary configuration (Figure 7),
and a final configuratioh (Figure 8) which incorporated required structural

changes.

The predicted temperatures for the preliminary design of the
lug test configuration are shown in Figure 21. The thermal model for this
bracket is shown in Figure 7 and utilizes a polyimide fiberglas piece at
the cold end of the bracket and Inconel 718 at the hot end of the bracket.
Theipredicted temperatures plotted on Figure 21 show that the aluminum
temperature has increased only slightly for the first 4500 seconds of entry
time. Comparing the trends of the temperatures to those for previous runs
indicates the peak aluminum temperature would probably be less than 300°F
for this configuration, and all of the temperatures are tolerable. This
run was not continued because final details of the test configuration became
available so the thermal model was changed to agree with the test

configuration.
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The thermal model of the test bracket is shown in Figure 8. The
thickness of the Inconel was increased to give more support area at the
bolt insulators, and aluminum angles were added at the cold end of the

bracket.

Predicted temperatureé for the final configuration are shown in
Figure 22. The aluminum temperature increases only 13°F in 9000 seconds
of time. Extrapolation of the data indicates the peak aluminum temperature
will not be greéter than 241°F. A1l the peak temperatures for this configura-

tion are below the allowables.

SUMMARY :

(1) A two piece attachment bracket was selected for the test
configuration (see Figure 8).

(2) Predicted peak temperature of the aluminum substructure for the
selected attachment configuration is 241°F, which is well below
the 350°F allowed.

(3) Changing from silica to high density zirconia bolt insulators
at the RPP lug increases the heat conduction through the
insulators, for a given insulator design. Results for variations
5 and 6 of attachment type 1 show that approximately 0.3 inch: )
thicker insulation is required at the bracket - aluminum interface

in order for the zirconia design to yield the same aluminum

temperature as the silica design.
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SEALING
@r STRIP

TYPICAL PANEL AND SEALING STRIP =

. ALUMNUM - :
STRUCTURE ~{_y

FIGURE | LEADING EDCE CONFIGURATION
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FIGURE 4 -  THERMAL MODEL - SECTION A-A
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APPENDIX
MATERIAL THERMAL PROPERTIES

Thermal property data used in the analyses are presented
herein. Part of the data is based upon SRI data from Reference 1.
Material densities are presented in Table 1. Note also that Table
1 is an index to the other tables.
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INTRODUCTION

The work reported herein was performed under NASA Manned Spacecraft Center

(MSC) Contract NAS9-12763-2S. The wing leading edge of the space shuttle vehicle

is to_pe attached to brackets boltedrto the wing box as illustrsted in Figure 1.

__ Only the windward side sttechment is considered in this study. Analyses were

performed during Phase II (Reference 1) to determine the insulation required to

12042
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protect the wing structure having a_650°F temperature limitation. The tempera-
ture limitstion hes been changed to 350°F for Phase III analyses.

A number of attachment concepts were considered and the results of thermal
anelyses were used to help guide in the selection of the attachment configuration
to be ground tested, Thermal analyses performed prior to the ground tests of
the support lug were reported in Reference 2.

A test of the support lug performed on 29 September 1972 resulted in exces-
sive temperatures at the sluminum structure and the polyimide fiberglass part
of the bracket. Results of the September test were wed to help in redesigning
the brecket so as to keep the temperatures of the polyimide and aluminum below

their maximum sllowables.

Two tests were performed with the redesigned bracket. Both tests (November
3 and 8) were performed in the Space Environment Simulator at 10 mm Hg pressure.
This was done to have better control of the cooldown po?tion of the test sop as
to avoid overhesting due to convection and/or combustion effects experienced in
.the 29 September test, which was done at ambient conditions.

A1l tempersetures for the two tests performed on the redesigned bracket were
well below their sllowed maximums. But since the actusl temperature of the poly-
imide fiberglass wss considersbly above that predicted with the thermsl model of
the test article, post-test snalysis was performed to improve the thermal model.
Two mejor modificetions were made to the thermsl model so as to make it yield
better egreement with the test results., These changes consisted of increasing
the thermal conductivity of the inconel parts of the bracket by 20%, and making
the coefficient at the support joints a2 function of the temperature at the joint.

TEST CONFIGURATION DEFINITION

Three tests were performed for the support lug. The first test was performed
29 September 1972 st embient conditions per Reference 3, The other two tests were
performed on z redesigned bracket 3 November znd 8 November per Reference L4 in

the Spece Environment Simulator at 10 mm Hg conditions to simulate the everage
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entry pressure during the high temperature portion of the trajectory.

The test model included RPP skin and esttachment flange, T-seal, bulk
insuletion, joint bolt, support fitting (bracket), and primary structure (See
Figures 1 end 2).

The test erticle was heated through a single temperature-time cycle repre-
sentative of flight conditions. Heat input was controlled at two locstions,

(1) on the outside of the RPP skin panels and (2) on the surface of the insula-

tion as defined in References 3 and 4, and on Figure 2.

First Test - 29 September 1972

The test srrangement is shown on Figure 2, A total of nine thermocouples
vere installed on the test article as shown on the figure. A cooling air duct
was located as shown on the figure in order to provide air to be used in the
cooldown portion of the test. Graphite heaters were placed as shown to provide

the heat input, Dynaflex (12 PCF) was used to simulate insulation around the

lug.

Figure 3 shows the details o6f the support joint bracket, snd Fig. 4 shows the

details of the suoport joint srea.
First Retest - 3 November 1972

Figure 5 shows the details of the redesigned support bracket. The following
ma jor modifications were made to the design of the bracket to prevent excessive
temperstures 2t the sluminum and the polyimide fiberglass.

1, The contect area between the Inconel bracket and the sleeve was

reduced, (The bracket thickness was reduced from 0.25" to 0,156".)

2. The length of the Inconel bracket was increased to provide a long

conduction path and reduced fiberglass temperature.

3. The conduction srees through the Inconel bracket was kept to a minimum

by removing the low stressed srea as shown in Figure 5,
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Volume of the simulsted aluminum front beam wes increzsed from
3.0k in3 to 4.0 {43 to be more representative and include pert of
the 0.1" thick aluminum plete behind the insulation., This new value
is probably still conservative from 2 thermsl standpoint since it is

essumed thet the aft side of the plaete is an adiabatic surface.

Other differences between the test set-up for this test and the September test

are:

Retest wes done inside the Space Simulator ss mentioned previously.
No cooling gir wes used for the retest.

Insulstion &t the bsckside of the graphite heaters for the RPP
surface was moved away from the hesters in order to have better
control of the cooldown portion of the test, and avoid part of the
overheating experienced in the lsst test., Calibration data showed
that close control cﬁuld be schieved through at least the first 40
minutes of the test., Beyond this, when the temperature of the heater
is below about 1200°F, some conservatism will exist (heat input will
be too great). However, anslysis showed high thermel margins, so the
extre hest input wes tolerated.

Dynaquartz (10 PCF) insulation was substituted for Dynsflex in the
lug area to be more representative of planned design.

More thermocouples were used., A total of 26 thermocouples were in-
stelled on the test article as shown on Figure 6.

The eluminum panel wes better isolated from the supporting structure.
Figure T shows details of the fiberglass phenolic isolators,

Grester cere was taken in installing the insulation in the lug ereas
so thet direct redietion could not occur from the RPP lug to the

inconel brscket,




THARTOQOI 419 BUBHING

\vu ATOSOI 4+11 SPACER (SUIBTING)

\,

|
#i6(NoV. 8 |
- oaLy)l

Ti4yroocid .11 LT (RN iATING}
~1 CEQD WCONAL M®
(063 s NS TO v 88 OB,
. HWI WeoNsL ue
| SAME AV SCOOINIOCS WUT
. excemT SRS Thx

coMrroL
k¥ 310,25

Zn‘ ITOOO0BL-| WISROAT ARWY-LW

T1L43-DIR 2-18
Pege 12

—TAYTOOOIL -2 SUPPORT ABEY~-H

MODIFY Ay SHOWN

24l aTR . T REQD
©70 TUK INCONEL T8

n.ANGl t. 1T )
Wi~

MATL = IHM\- e

T?T

.00

# 26 ON SUPPORT

AN3ICGA BOLYT — &8 REQD

AN SGOCIO WASHER — &8 REQD

M3 210433 NUT ~ 8 REQO
/ é'n-vrooon-\s NSLALATOR/BRACKET =L W

MODIFY A% SHOWN -25)PatE ~ 2 ewen

N8 THK INCONMEL T8

BMITRLE  STAUCTUAS (MIMAILATION)

ANGLE - SUPPORY ATTACHM -~ & AOMR
MODIEY AL BHOWN

278

N
[~]

@ ANGLE « SULIPRORT ATTACH ~ £ AN
MODIFY AD SHOWN

NAS 1303-3 BOLY - 8 Read

ANSGOCIO WABMER ~16 RTgo
MB 21041 -3 NUYT ~ 8 RSO

A\

210 12/42% |

/ #2412

- QONTROL T/Cc #24

™NAL IOV -6 BCAAW ~ 8 RTOD
ANDSOCID WAINER -~ & REQD
M3 RIC42-9 NUT ~ § RUDD

F\.AMS ~2 RGOB
WELD -
MATL | INCONEL 'll.

MODEL THERMOCOUPLE LOCATIONS

FIGURE 6 -
' NOVEMBER TESTS



T143-DIR-2-18

Page 13
M

N/ ALUMINOM .. STEEL SUPPORT

- -
// [‘\/\
[

- _ /,/———————— s STEEL BoLT
1.;:‘ S R ,
T RN N R
ien

\*g )\J

PHENOLIC F.|1G WASHER

I—
e
- D

1_--».“? :{/Ls ,, 4LL_-"‘

PHENOL )/ F.G SPACER

FIGURE 7 TSOLATORS (SED /N RETESTS




T143-DIR-2-
Page 1k

Second Retest - 8 November 1972

The test setup for this test was the same as for the 3 November test,

except for the following:

1) Insulation was installed inside the cutouts in the inconel brackets.
This was done to prevent thermal radiation from the hot end to the
cold end of the bracket.
2) Thermocouple number 16 was moved from the front of the insulation
to the side of the insulation as shown in Figure 6.
TEST RESULTS

A1l three tests will be discussed in this section but major emphasis will

be placed on the second retest since the total heat input for it most closely

represents flight conditions,

First Test - 29 September 1972

Excessive temperatures occured on the polyimide fiberglass and on the

simulated aluminum front beam. Maximum temperatures were 164L0°F on the support

joint bolt, 1426°F for the fiberglass, and L50°F for the aluminum (see Figure 8).

The test and results were disappointing for a number of reasons:

(1)

Cooling air turned on at 1380 sec to assist in the cooldown at

the temperature control points was able to flow past the insulation
and supply additional unwanted heat to the Inconel lug joint. Thermo-
couple temperature rise in these areas corresponds to the initiation
of air flow.

The sir flow, while proving effective at lower temperatures during 
checkout, was ineffective at peak operating temperatures. The air

flow enhanced the combustion of the red hot graphite heaters and
contributed to 2 total heat load applied to the test article substanti-

ally in excess of thet planned.
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(3) The joint heat transfer coefficient sctually experienced during
the test was probably higher than that used for the pre-test
predictions, especially at the higher temperatures. The joint coeffi-
cients used were extrapoleted from test data genersted on a previous
RPP progrem at lower temperatures. Post-test anslysis showed that
the use of infinite joint coefficients compared to those used in
the initial analysis (100 BTU/hr £t2°F) result in s 37°F increase
in inconel bolt temperature, 96°F increase in fiberglass temperature,
and 3°F increase¥*in the aluminum temperature. The joint coefficients will
be discussed more fully during discussion of the second retest results.
(4) The sbove problems resulted in overheating and degradation of a stainless
steel nut (previously checked for 1500°F capability) on the Inconel
hollow bolt, and overheating and charring of the hot end of the polyimide
fibergless. The Inconel parts appeared satisfactory as did the cool
end of the polyimide. With all this the aluminum backface only reached
L50°F.
Based on the analyses of the test results it is believed that the major
reason for the excessive temperatures wes the convection and/or combustion effects
existing and noted during the test.

First Retest - 3 November 1972

All temperstures for this test were well below their maximum allovables.
The peak tempersture of the polyimide was 550°F and the peak temperature of the
aluminum was 255°F,

Total hest input for this test was also considerably above the desired values
as can be seen from s study of Figure 9. Test temperatures of thermocouples
2 end 10, which have more influence on the heat input to the joint than thermo-
couple number 1 does, were higher than desired during the peak heating time and

slso considerably higher after s time of about 2500 seconds, Heat input to the

¥ at A AAme Af WRNAA canAnde
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insulstion was also higher than desired; the peak temperatures of both
thermocouples 3 end 16 were above 2500°F whereas only 2050°F was desired.

Test data for this test are presented in Figures 10 through 1k.

Since the peek polyimide temperature was about 200°F greater than the pre-
test prediction of 345°F, 2 close compsrison was made between the actual test
configuration and the thermal model used in making the predictions. Aside

from the total heat input, the major difference was that the thermal model did

not account for thermsl radiation inside the cut-out areas of the inconel brackets.
Although the total areas involved are small, the temperature difference between

the hot end and cold end of the bracket is large so the heat transfer could be
significant.  The shape of the temperature curve for the cold end of the bracket
(the test temperature increased much faster and peaked faster than predicted)

also indicated that possibly a radiation effect rather than a conduction effect
was responsible for the differences between test and predictions.

Another difference between the test article and the thermal model involves
the symmetry st the centerline of the T-seal strip between the two leading edge
panels. All the thermal analyses were done assuming symmetry and only the panel
with the fixed lug was modeled, But éhe test results indicate that more than 50%

of the total heat input to the aluminum entered through the side with the fixed lug.
Thermocouples 5 and 8 were on the hot gnd cold ends, respectively, of the inconel
bracket on the fixed panel; and thermocouples 22 and 23 were at corresponding
locations on the brscket on the sliding panel. Maximum temperatures at the hot
ends of the brackets were 1275°F for the fixed side and only 1175°F for the
sliding side (see Figures 10 and 11). Temperature drop through the fixed side
was T30°F end only 535° for the sliding side., Additional discussion of the pre-
test and post-test analyses will be included in a later section, titled, "Thermal

Model Definitions".
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Thermocouple locations asre shown in
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FIGURE

RPP WINDWARD SIDE LUG TEST - NOVEMBER 3, 1972
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FIGURE 12

RPP WINDWARD SIDE LUG TEST - NOVEMBER 3, 1972
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After a review of the test data, it was decided to retest with insulation
installed inside the cut-outs of the brackets.

Second Retest - 8 November 1972

All temperatures for this test were well below their maximum sllowables.

The peak tempersture of the polyimide was 4L50°F and the peak temperature of the
aluninum was 231°F. These values were considerably closer to the pre-test pre-
dictions than they were for the previous test.

Total heat input for this test was much closer to the desired values during
the peak heating time than it was for the previous test. Figure 15 shows the
desired temperatures of the RPP surface compared to the test values. Although
the temperatures of the more important thermocouples (2 and 10) were near the
desired valués during the first 2500 seconds the temperatures after that time
are much greater than desired. The effect.of these higher temperstures is to
input more total heat into the specimen than desired; therefore, the
temperatures of the bracket are conservative (greater than those for flight conditions

Test results for this test are presented in Figures 16 through 20. Locations
of the thermocouples sre shown on Figure 6.

Two thermocouples (numbers 3 and 25) were located on the front of the in-
suletion near the heaters and one (number 16) was located on the side of the
insulation. Figures 18 and 20 show a large difference between the temperatures
for thermocouples 3 and 25 although they were both on the front surface.‘ A post
test inspection of the thermocouple installation revealed the reason for the
lower temperature of number 3. Thermocouple number 25 was located at the surface
of the insuletion directly facing a grephite heater, whereas thermocouple number
3 wasburied 0.1" inside the insulation and was not directly facing s graphite

heater, Pesk temperstures were 2335°F for number 25 and 1730°F for number 3.
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Thermocouple locetions are shown in Figure 6
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Thefmocouple number 16, positioned at the surface of the insulation on the
side, peaked at 1260°F. Graphite heaters were placed at the front of the insulation
only, therefore the maximum temperature at the side was less than on the front. 1In
the actual flight conditions the sides of the insulation will receive approximately
the same thermal radiation as the front of the insulation so its temperature will be
about the same as the front face. Since the test heating setup resulted in quite a
difference in temperatures for the side and front surfaces, analysis was done to
determine the effect of the reduced side heating on the expected peak temperatures
at the aluminum and polyimide. Results of the analysis showed less than 10°F
difference in the predicted temperatures of thé aluminum and polyimide with the
higher temperature of the side insulation.

Although actual test temperatures for the second retest were much closer to
predictions than the previous test, the actual maximum temperature of the polyimide
was still 100°F higher than predicted.

Post-test analysis was performed to determine changes required in the thermsl
model to make it give better predictions, so that it will be a more useful tool
in flight analysis. This post-test analyses will be discussed in the next section.

THERMAL MODEL DEFINITION

The thermal analyses were performed using a three-dimensional thermal model
and a VMSC computer routine which accounted for heat conduction along the skin and
RPP rib, across the coﬁtact surfaces at the support Jbint, through the steel bolt
and the bracket, and across the insulation into the aluminum wing structure. Cross
radiatién from the skin to the portion of the RPP rib outside the bulk insulation
and rediation along the expansion gap between the rib and sealing strip was considered,
as was the heat conduction through the bulk insulation and into the support joint.

The three-dimensional thermal model used in the analysis is shown in Figures
3,4,5, and 21 through 23. The model for the rib area, Figure 21, is similar
to that which was used in Reference 5 to predict temperatures of the ribs in

the suppbrt joint area. The aluminum structure is represented by a block
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of aluminum with ediabatic boundaries except at the bracket. Also the effect
of the titanium brace (Figure 1) upon the bracket is neglected for this analysis.

The recovery temperature and the convection heat transfer coefficients
used for the external skin nodes were the same as thoseused in the rib analysis
of Reference 5, The external temperature of the bulk insulation was input as a
function of time as given in Figure 24, Thermal property data used in the analysis
and not presented in Reference 2 are presented in the Appendix.

The thermal analyses performed in support of the September test of the
lug joint are summerized in Table 1, which gives the peak temperatures. Details
for three of the runs are presented in Figures 25, 26 and 27. Figure 25 for Run A,
is for zirconia insulators at the bolt. The predicted maximum temperature of the cold
end of the bracket (polyimide interface temperature) is 582°F. This is 136°F greater
. than the maximum predicted for silica insulators at the bolt for Run C. Figure 26,
for Run E, shows a predicted maximum of 618°F at the polyimide interface for an all
inconel joint (hollow.bolt and bushings.).

Peak temperatures obtained in the test are included in Table 1 for
reference. Post-test analysis was done to determine thermal model modifications
required to meke the model predictions match test results. Increasing the joint
contact coefficient from 100 BTU/hr ft2°F for Run 12 to infinity for Run 1k improved
‘the predicted pol&imide temperature by 100°F. Figure 27 shows the results for
Run 14, Run 15 wes made using infinite joint coefficient and forcing the tempera-
ture of the RPP at the lug joint to follow the test values. Predicted maximum
temperature of the polyimide was still 367°F below the test value. As noted in
the previous section this difference was sttributed to convection effects,

. Table 2 is 2 summary of the peak temperatures obtained when varying vaerious
parts of the joint snd bracket configuration. These runs were made in order to
determine the influence of the system varisbles upon the gredicted tehperatures
of the polyimide end sluminum and to provide pre-test predictions for the retest.

Figure 28 shows the pre-test predictions for Run 22,
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FIGURE 26
P/?ED/C TED TEMPERA TUK’ES
PRE - TEST PREDICTIONS

. ALL INCONEL. JOINT —.RUN. &

[T AP NRES Y N

S P N R R ;.hg_vfﬁYMMETRYM_W

ALUMINUM

— PoLYIMIDE FG.
INCONEL 7/8

g

- ' ' : i :
o ' | R . 1
PN S , e e i } e - =

L NOTE TES]' DATA 5
SHOét./A!. /A/ F/GUEE a

.

| rEmPERATIRE .
3

UL SO DO Y T

o | z0m0 w00 . 6000’ . aaoo. |
L TIME, _secauns AR




T143-DIR-2~18
Page 4O

| /GURE 27T |
PREDICTED TE ”//,DCPATUFEQ
POST-TEST PREDICTIONS - . .
ALLINCONEL JOINT . RUN (4 .
(SePTeEmBER TEST)

' | ce v S'//va'ZP \i’ |

a1, ALUMINUM o

200D e T i o
- 2 ‘ <V \ .</ POLYIMIDE F.G.

: 537\
(PER TEST DATA : .
Trs 2 ) 52 .\./INCONEL 7/8 .
. 51 r"~‘~'1‘1

W

St

!
3

it
F1

, o i}i

55

1600

o

/400 —

A/or::,,. TEST . DATA IS
S, S .-;__'_m._ SHOW/\/ IN F/aaeg 8.._-'

-+ J200

1000}t | -

TEMPERATURE

o e T = = = -
i =500 e i SEE S AN

.0 2000 i #000 . "6000 5000”'
e TIME, SECO//ﬁS




T143-DIR-2-18

Page U4l

*lg o3

axsdwo)

*:

G2

ong

;.m:ma

8ot

€

aamITd
29g

62

*wou N\Hw

9983 09 ATuo saay pajussaxd axe sSITNSdY
09 apTwW ! ‘uotae -JI33UT
-1fTod -TNSUT JO *3ny %R 18IS apTwY
J0 RqTA|OPTS UWOAF, - udOM3 ~£10d 38 LT uny Jo
-T9oNpUOD! nduti-aq dsg qe  T3UOOUT mmutimTe
mmmmhomﬁw 389Y PPB! UOT3BTPBI u8LO° 1109 LI Jo ssuuw
anq J2 94 (B 03 ppe ang gz = BIWP  qe 0IZ *ON  3y3 sswrj
se sweg JBITUTS.  s® swsg W PPy . pafeadg unaay STl
: . | t
. |
1€e2> oge>! % #ee > €12 > lag > weEg > | gIe >
Gey T8¢ . é4E 9HE 69€ 2t *L19 | *BL9
. _ w !
9g3T.  9get 62T 2921 . gfeT €92l Utt L
L6ET lest!  6ont €6ET @ G9ET | E6ET GeET | GaeT
gt gmT 65T | Ml EOMT . T 68ET . 68ET
. . IO e e e o e e
et g2 . v
aanITI 21031
EETS 933 |
Q2 lz e ee 12 # oe 8T | LT
ddyd
o 9A33Tg Tauodul
Tsucouy
mutmy Y *n°d oprutdiod
Nma mammm

‘gnUTWNTE JO SSBW pPagearour JO 309JJ° 3Uj} Moys

SNOILOIAMMd ISAI-TYd I, °STIOILVMHINAL MVEd INIOL THMOddNS

 mmm————

suoTqB3uUssaxdax 39308Iq

3y} UT 3J0Us. 3838y B pautrejuod ATjusagIsapeul QT pus )T suny x

*yead UT814C €13
ygnous FJuoT UNI CU SBR

*%

*OSTH

U TOTIIS0D 3uTOP

:SHEION
unuTUNT ¥ 18
18yo8Ig
Jo pug p1od £g
q19)08Ig
Jo pug 3°H 15
1706 QUSWYD8IIY 9%
qutoL 38 JdM 1€
NOILVOOT *ON FdON

* SHAOL VIHAWEL A Vdd

HHIWON NOY

* NOILVHNDIANOD




T143 DIR 2-18

Page L2

e

IRREY SRR

e bed by

- -

b ——
pS DO B

o A~ F-- .-

]

LYIMIDE F.G.

‘po
e
I

4 b

SN ISR 4528

EiE

P S

|

=/
B)

]
IR
'lki §

TR

I

[— 1§ -
L -4
b g~
OPPOe o

R

TEST FPREDICTIONS.

Dlcon

!

'
i}
'

|
e R B

B
i
PRE D/

1
H
"
1

e bt

i PprE

OBRD® SR §
SEROE DIEMS S
PO S
SOONS SHPOS ¥
SR

b P
e -
o - .




T143-DIR-2-18
Pege 43

Teble 3 is & summery of the pesk temperstures obteined for the post—tgst
enslysis of the November tests, Pre-test predictions did not sdequetely repre-
sent the test results so these runs were msde to determine required model modifi-
cetions. RPP skin temperetures were input ss & function of time per test data.

A number of thermsl model varisbles were changed independently of each other in
order to determine the regquired changes. The results of this parametric>analyses
are summarized in Tsble 4. As s result of the analyses it was determined that -
two mejor modifications to the model needed to be made. The first wes to increase
the thermel conductivity of the inconel bracket by 20%, and the second was to meke
the joint coefficients et the bolt dependent on the temperature at the joint.

Increasing the thermal conductivity of the inconel by 20% improved consider-
ably the predicted tempersture drop from the hot to the cold ends of the bracket
gs shown by Runs 30 and 35. .(see Figures 29 and 30). The change had only a small
effect on the predicted tempersture at the hot end of the bracket. A review of
the litersture showed that the 20% increase was reasonable for the family of
nickel chromium elloys based on the spread of conductivity test data. There is
also the possibility that part of the increase was reguired to account for the
effect of thermal radistion down the gap between the insulation and the sides of
the brecket. This radiation was not included in the thermal model because of
the lerge number of nodes involved and computer run times requirements. As @
further check on the suitability of using 20% increased inconel conductivity,

Runs 38 and 39 were mede with the temperature at the hot end of the bracket (node
51) held at the test dsta values. Results of the runs, see Figure 31, show that
using the incressed conductivity yields satisfactory predictions of the tempera-
ture drop in the inconel bracket. The model for Run 39 was the seme as for 38
except the conduction eres between the sides of the bracket snd the bulk insule-
tion wss reduced to more sccurately represent actual test conditions. Thermo-

couple leads zlong the bracket mede it difficult to have good contact between the:
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insuletion end the bracket. All runs sfter 39 also used the decreased
conduction to the insulation.

One of the greatest unknowns involved in the construction of the thermal
model of the test configurstion was the joint contact coefficients at the
-interface of the RPP and the inconel sleeve and spacers. A review of joint
coefficient test data genersted on & previous RPP progrem, Reference 6, indi-
cated thet & contact coefficient of 100 BTU/hr ft2°F was a reasonable value to
use for the lug joint configuration. Thet test data, which was obtained at
lower temperastures then occurred during the lug tests, aléo indicated that the
coefficients increased considerably with temperature.

The results of Runs 27 and 29 presented on Figure 32 show that much better

agreement with test data is obtained for the first TOO seconds of time by using

a coefficient of 25 BTU/hr ££2°F instead of infinity. During this time the
joint temperstures are relatively low. After a time of TOO seconds the use of

a coefficient of 25 BTU /hr ft2°F results in a much too lerge predicted tempera-
ture drop across the joint (from nodes 37 to 51). This indicates that as the
temperstures st the joint increase the actual contact conduction coefficient
increases. Run 34 was made to show the effect of & step change in the contact
coefficient from 25 BTU/hr ft2°F to infinity at a2 time of 500 seconds. The
results of this run are plotted in Figure 33 , and show that a step change does
not yield satisfactory predictions.

It should be noted here that the lug test configuration is thermally satis-
factory even if the contact coeffiéient for flight conditions is infinite through-
out reentry. Results of Runs 12 and 14 showed that increasing the coefficient
from 100 BTU/hr £t2°F to infinity results in about a 100°F incresse in the peak
temperature of the polyimide; & 150°F margin in this temperature occurred for
the lug test.

The thermsl model of the joint erea was changed to make the thermal con-

ductivity curve for the inconel at the contact surfaces represent a temperature
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dependent joint coefficient end the results are presented in Figure 34 for

Run Lb., The joint coefficient varied from 25 BTU/hr ft2°F at 180°F to

40,000 BTU/hr ft°°F at 2000°F. This run elso included the 20% increase in

inconel conductivity which the results of Run 39 indicated to be required.

These chenges resulted in much better agreement with test data. It is recommended that
flight predictions be made with the incressed inconel conductivity but with an infinit.
contact coefficient in order to be conservative,

Figure 34 shows that the predicted peak temperature of the RPP lug
(node 37) near the joint is 100°F lower than test data even though the pre-
dicted tempersture of the hot end of the inconel (node 51) is also L4O°F
lower than the test data. Part of the reason for this difference between the
predictions and test data is that more than half the total hest input to the
eluminum traveled through the'fixed lug as was discussed previously. (Peak
temperature on the hot and cold ends of the bracket for the sliding lug are
shown in Figure 34 for reference. Peak temperature drop through the sliding
bracket was 95°F less than for the fixed side.) The thermsl model of the test
configuration was prepared for the fixed lug, and it was assumed that the article
was symmetrical sbout the center line of the T-seal strip with half of the total

hest applied to each side of the center line.

Note from Figure 34 that after a time of 1500 seconds, all the predicted
temperstures are considerably below the test data. This tends to indicate that
more heast wes input to the RPP than was simulated in the predictions. In order
‘to increase the predicted temperatures to the test values one of the following
methods would be reguired, (1) increase the thermal conductivity of the RPP so
thet node 37 would get hotter or (2) increese the RPP skin temperatures to values
grester thsn those recorded during the test. Since there is no test data to

justify meking either of these changes the results of Run L3 are considered the

finel predictions.
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CONCLUSIONS

(1) Results of the lug tests indicate that the lug design is thermally
satisfactory. Thermal margins on the two critical items, the polyimide and
aluminum peak temperatures, are 150°F and 120°F respectively.

(2) The final thermal model of the lug test article yields temperatures

which agree fairly closely with the test data.



7143 -DIR-2-18
Page 56

APPENDIX

MATERIAL THERMAL PROPERTIES

Thermsl property data used in the snalyses, but not presented
in Reference b4, are presented herein. Material densities are presented

in Table 1. Note also thet Table 1 is an index to the other tables.
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DESIGN INFORMATION REQUEST— RELEASE
. . 4-2-73
'EL {S) AND EFF, DIR.-NOQe REV,
‘ask 1 - Fail Safe Leading Edge Thermal Analysis T143-DIR-2-19 |
DATE PAGE oF
1/8/73 ] ' 49
SYSTEM REF. G. O. NUMBER '
Phase III Shuttle Leading Edge] 3357-AA-1160
~.. Fill i.n block below for Information Request Fill in block below for Information Release
\' GRO IN REPLY TO DIR. NUMBER_
. L. D. M ile 3-52000
is:: —— *ROUP EREEPA.‘:::D BY LINE ES!?EOI;,:Y |-§-7% DATE
/ \ J. E. Meqford 7 L}}ﬁ Z_[ZO 72_
oA DAXE ROJ OFF ATE
192975 2
//qm:/[] BwR [] BUWEPS [] D¥< [;/(:%l 12 /26772 5

. T. Esenwein, E. Matza, B. A. Forcht, W. E. Néan, R. J. Copeland
HGN INFORMATION:
NTRODUCTION

Thermal analysis of the fail safe leading edge includes determination of skin

chickness, temperature distributions in skin and ribs, and insulation requirements for

arious elements of the assembly. Calculation of skin thickness and temperature distri-

wtions in skin and ribs was covered in a previous Task I document, T143-DIR-2-07. Selec-

:ion and preliminary sizing of candidate insulation materials for the canted heat shield

lere accomplished as part of Task 2 and were documented in T143-DIR-2-13. Thermal design

)f the lower, windward side support lug was performed in Task 3 and documented in T143-

JIR-2-11 and T143-DIR-2-18.

This DIR includes final sizing and thermal analysis of the canted heat shield and

ipper panel insulation, bulk insulation around support lugs, lower panel insulation, and

the upper support lug thermal design. Dynaquartz insulation, in 10 PCF density for the

:anted heat shield, upper and lower panels, and in 15 PCF density for the support lugs,

vas selected over reusable surface insulation for the full scale test article considered

lerein, because of availability and cost advantages. Thermal properties used in these

inalyses are documented in the DIR's outlined above and will not be repeated herein.

Revision A has to do with only the predicted temperatures for the leeward side

——mma.

ug area, and affects only pages 47, 48, and 49.
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CANTED HEAT SHIELD AND UPPER PANEL

These two elements of the design are considered jointly due to thermal
coupling between them. Sizing of the insulation thickness in each area, which
ignored this coupling, will be discussed first, followed by analysis of the coupling
efféct, heat shorts due to gaps in the insulation, and heat shorts due to the

titanium rib truss.

Canted Heat Shield Sizing

| Thermal analyses were performed to size the thickness-of Dynaquartz, ]0»1b/ft3
density, required on the canted heatshield for the test article. The thermal model
employed is shown in Figure 1. The thickness of forward insulation was sized to
T1imit the first bondline temperature to 600°F and the aft thickness was sized to
limit the aluminum substructure.temperature to 350°F. Initial temperature was assumed
to be 130°F.

Table I presents the peak computed temperatures of the first bondline and

of the aluminum for various insulation thicknesses.

TABLE I DYNAQUARTZ HEATSHIELD SIZING RESULTS

Forward Insulation Aft Insulation Bondline Aluminum
Thickness, Inches Thickness, Inches Temperature, °F Temperature,°F
2.5 1.0 358 275
2. 1.0 439 297
1.5 1.0 562 346

On the basis of these results the heatshield configuration will employ 1.5
inches thick Dynaquartz forward and 1.0 inch Dynaquartz on the aft side. Since
analysis 1is based on an initial temperature extreme of 130°F no arbitrary margins
were incorporated. However, bondline temperature could be permitted to rise to at
least 650°F without loss of bond integrity, based on VMSC bond tests, thus providing
structural margin. Further, coupling effects between the canted heat shield and
upper panel will reduce the aluminum temperature, providing additional margin as

will be discussed later.
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Upper Panel Insulation Sizing

The inside surface of the upper RSI panel radiates to the aluminum structure
(350°F temperature limit) therefore it is important that the temperature of the
inside of the panel be controlled satisfactorily. The aft side of the canted heat
shield also radiates to the aluminum as discussed previously in connection with the
design of the canted heat shield. In the heat shield analyses it was assumed that
the radiation view factor was 1.0 from the aft side of the heat shield to the aluminum.
Therefore in the preliminary analyses of the upper pané] the following criterion
was used: The temperature of the inside surface of the panel must be equal to or
less than the temperature of the aft side of the canted heat shield.

Thermal analyses were performed for the upper panel using a one dimensional
thermal modé]. Figures 2 and 3 show the predicted temperatures of the inside surface
of the.panel at the forward and Aft end, respectively, with no inside insulation.

The temperatures of the aft side of the canted heat shield and of the aluminum are
included on the figures for comparison. The panel inside temperatures increase faster
and are greater than that of the insulation surface on the aft of the canted heat
shield up till a time of about 3500 seconds. Thereafter, the temperatures of the
panel decrease and after a time of 5000 seconds are less than that of the aft surface
of the canted heat shield.

Adding insulation inside the upper panel would reduce the inside temperature,
but since design considerations make it desirable to have no insulation inside the
upper panel, additional analysis was performed with a more complete thermal model
to determine if the initial design criterion was too severe. Results of those
analyses, discussed in the next section, show that no insulation is required on the
inside surface of the upper panel structure.

Combined Canted Heat Shield and Upper Panel

Thermal analyses were performed to determine the effect of coupling between

the thermal response of the upper panel and the canted heat shield upon titanium and
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aluminum structural temperatures and insulation bondline temperatures. The thermal
model employed is shown in Figure 4. Insulation thicknesses of Dynaquartz, 10 Lb/Ft3
density, were taken from results of thermal analyses discussed above. The model
included effects of cross radiation between the back surface of the canted heat
shield aft insulation, the titanium structure for the upper panel, and the aluminum
spar. Heat conduction betweeh the titanium and aluminum was also included, as was
free convection in the forward and aft cavities.

Maximum computed temperatures are summarized in Figure 5. It is seen thaf
the Maximum bondline temperature on the heat shield is 572°F, which is 10°F higher
than was computed with the previous thermal model which did not include the upper
panel. However, this temperature is still within acceptable limits. The peak aluminum
temperature is 293°F compared to 346°F with the previous model. The peak titanium
temperature is 271°F forward and- 262°F aft compared to 345°F and 382°F, respectively,
computed previously. These reductions are due to heat interchange between the
titanium and aluminum, whose temperatures tend to peak at different times.

Analyses discussed in the previous sections, which did not include heat
transfer between the titanium and aluminum, indicated that the titanium forward end
would peak at 345°F at 3000 seconds, at which time the aluminum would be at 165°F.
The temperature-time curves in Figure 6 for the current analysis show that heat
transfer from the titanium to the aluminum reduces the titanium temperature at this
time to 260°F and increases the aluminum to 232°F. Conversely, previous analyses
indicated the aluminum would peak at 346°F at 7700 seconds, when the titanium was
only at 170°F. As shown in Figure 6, heat transfer from the aluminum to the titanium
causes the aluminum temperature to peak earlier at 5400 seconds, and reduces the
peak aluminum temperature to 293°F, while increasing the titanium to 271°F. The
reason for the tendency of the titanium temperature to peak earlier than the aluminum
is that the upper panel is much thinner than the canted heat shield. An additional
reason for the lower temperature in the current analysis is that the aluminum spar

is 12% longer than the canted heat shield, providing additional heat sink which was



FIGURE Y THERMAL

ANALY SIS

Geocnr [Frer™ 023

RPP SKIN

“INPUT TEMPS,, FROM
CrR0SS RADIATION

AMALYSIS
\/’Ek) A o ‘ VIEW B
3%
2 g"
VoOES 10 PCE {;)Z‘pgs 5 02
13-4 owaamnz omm,,,
/ __._..-l;—-——
"fﬁ oS\f-
o . 55
RV &
BOAJO
JOTES < o278
5’5‘Lii ) CYRAQUAT 12)

L——#—»V”“-Z” 22 PLF
-65____\ Foam
'63’ \\
064 TITAUIUM
NI <A W B

T143-DIR-2-19

Page 8 of 49 _
MeoDEL  FOR HEAT SHIELD
\ 0213

\::272

£
/—.'O”/’N.UMMJUI\

66

S
hs" NODE S (
10 P.F 6~ 10
DYRNAQVARTZ
17
N

.Z 20 mF yo-go—rvpate _..1' b .___“:'
' !' 30 . ;
L0 FLLTICE 2 O; i s )
FIBERGLASS o rer ), P
}D.’Nﬁ.am\ rTZ %41 )
i
JU8 “poLyiripa s



T143-DIR-2-19
Page 9 of 49

"FIGURE 5 MAXIMUM TEMPERATURES FROM HEAT SHIELD

ANALYSIS

826

TTENPER ATURES,°F

292
F 271
'937 ,qzs*”ﬁ
303
2.516 4b 23757 ! \
o 2265
(PEAK
SIKIA)

X OUTSIDE SKIN TEMPS,

FOR REFERENCE , NOT 223
FART oF THERMAL MODEL,
KX |\WRUT TEMPS, FROM 2265
CROSS RADIATION .
ANALYSIS,
572 -
I )
s o 3% »3%¢ {

VIieEW A

7¢S

4 284
L 287

290

—




T143-DIR-2-19
Page 10 of 49

LN

S

14

.

EELWARD. SILE

Cd

SHIE

!

<

>

)
Mt

CIDLINE |

EAT
HOLE

!

T

A
.\
Iy,

T S
b e

ND

T

A .
PR

e

. _TITA
e

i o

WD, &
LERD

N PO St u

FRHE SN
4

-

FIRST @

PR

AN

3000

T,
F

IME ; SEC@RD

P
.

.-

g
Sy
S
C

: ?—QOQ: .

——— e d

‘e

. e T
B R L Ty PSS B
.. Ceaaee 4t I

IENTRY' T

ot
R R

— el

Tl




T143-DIR-2-19
Page 11 of 49
not included in the previous éna]yses.
In summary, results of the current analysis indicate a substantial improve-
ment in temperature margin for the structural panels and only a slight increase in
bondline temperature, as compared with previous analyses.

Titanium Rib Truss

A 94 node, three-dimensional thermal model was developed for the titanium
rib truss-aluminum spar interface region on the windward side of the heatshield. The
purpose of this model is to evaluate the potential heatshort across the lower portion
of the rib truss into the aluminum. The model is shown in Figures 7-10 and includes
not only the heat short itself, but also radiation from the aft side of the aft insul-
ation to the aluminum and conduction across the polyimide support bracket.

Maximum computed temperatures in the aluminum are shown in Figure 11, which
shows that the 0.23 inch thick polyimide rib truss insulation adequately protects
the aluminum in the heat short area.

Insulation Gap Effect

Previous analysis with no radiation gaps in the aft side of the canted heat
shield has shown that the predicted maximum temperature of the aluminum is well
below the allowed 350°F. Since the margin on the aluminum temperature is considerable,
a conservative simplified method was used to determine the predicted temperature
increase of the aluminum due to radiation from the gaps in the heat shield.

The total area on the aft side of the canted heat shield is 330 square inches.
The gaps are 0.03" wide with a total area of 3.9 square inches which is 1.16% of
the total area. In addition to the gaps there are 11 bolt holes about 0.35 square
inches each with a total area of 4 square inches, which is 1.2% of the total area.

A worst case situation was assumed: the radiating surface of the RTV was
assumed to be at the aft surface of the insulation and to have an emissivity of 1.0
and a view factor of 1.0 to the aluminum. The heat balance equation is:

Heat into aluminum = Heat radiated from gap
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AT . 4 4

(W Cp A6 Jalum =€ AF (Tg " Tatum !

where:

€ = 1.0 = emissivity of radiating surface

8 24

== 0.173 x 10”° BTU/hrft“°F

A = 0.024 in’

F =1.0 = view factor

C, = 0.2 BTU/TbF for the aluminum

W=.011b for 1.0 in2 surface by .01 inch thick aluminum
j%%-= change in aluminum temperature per unit of time, °R/hr
Tg = °R = temperature of RTV bond surface

Talum = °R = temperature of aluminum

The change in temperathﬁe for the aluminum was determined in a step by step

manner using temperatures for Tg and T from previous canted heat shield analyses

alum
with no gap included. Use of these temperatures result in some conservatism since
the RTV bond temperature would be slightly less with fhe gaps included.

Temperature increase for the aluminum using this conservative approach is
calculated to be 24°F due to gap radiation. Hence, there is adequate margin in the
design to account for this effect.

SUPPORT LUG BULK INSULATION

Three-dimensional thermal analyses were performed on the dynaquartz insulation
around the upper and lower support lugs, including the titanium support brackets. The
objectives of these analyses were to predict the insulation bondline temperatures and,
for the lower lug, to evaluate the potential heat short down the titanium support
bracket to the cool end of the Inconel suppbrt Tug bracket.

Lower Lug Insulation Assembly

The 157 node thermal model used for analysis of the lower lug insulation as-

sémb]y is shown in Figures 12, 13 and 14. This model is based on three-inch insulation



VULV NS 2077 2201077

MIIN =dls
920911

o0 VHUTHL 21 3y09ld
?“_f
m.@m:;& (VoILE10S (VI N OILUIAS (V]
& WvIILXTF YIMOT RLYYNDOYNAO —
s . 5L
- a $11°4s 95°G9
gL 489 z
> L91'25i 59185
SRIAL \a 51 mmm.wx“ 991 ‘951 sa \w.m?mm. b1est oy
5°8 5% ¢ %
-YYIIHDL LOIOV] X bt € <L Za she vy EUE:
(4 i_m_m_ 541 941951 thi L& AUECIININ ST
u@mu_}\i 200 2 i 5efLs 98%0N L8501 srlear 91 ©
19 ‘sL c, £€9¢L 498 SI%L 9708 515
M. |
, < N.: Lo 2itsa r: Lor
arn . . /. MWNWQ._ PR 50141 O 1252 9o 52 esiTn
< 4
Hb'¢h 2 2 - ne 299 €L H 8 mﬁ b 2101 EYR7 SIS
/.I\.,&‘Nwtv,\}w J0
I0ivd QIHOSSY
e - ~ H € o
1332ovyg \
WOy L), \
/
13Movue .
207 A A&
A20dd0S

I3RS LY IH gzinNyD




bage 18 of 43

e SUFPORT
5

LUG BRACKET

ICGURE 13 THERMAL
lODEL , LOWER LG
USUL./TT'ID-\))TOP VIEW

‘(/,ﬁ

CANTED
/‘/;I‘)T SHIELD

:{f 103 23 17 .

p (] o .

(IR T ERacker
10" 20Pc F

DERSITY STRA:A
ISOLATORS BOA
NEGLECTED

NORE PUMBER:

i% ’ oy 2% 1§

' ] [ 4 [ ]
W ¢4

é ;s‘r g4 95

| x oz | ¥
'NA QRUARTZ 25¢ '505 ";5 ;o ;} ” 7337’67_)77

SULATION) — | 15 ns 91 &3

eemres_ | UG %% ¥ B i
25 ¢ ee 156 & o e 18,38,69,78
I¥¢ 176 96 100 4
oer 272 42
i
251 2 IS T AR ©9,39,79
..
M) SE
RECTION ] 1o 2% 272 16
2sy i '9% 52 4c 040,80
leg 158 gy 102 66 RC A
3“ 3
10 1y2 e —
Jomoeg o B
el 7 BT L R YA 140,150,160




| ' ’ ’ T143-DIR-2-19
Ff(;()r\)é I(/v TH[_‘-;‘Q'M]AL’ HODE-L_) Page 1v of 49

LOWER VG INSUL ATION) \‘ ! i
~ + |+
: @ (29 |
) | I
21 C|NSVCATION)]
7.2*(0050(4\110»)[

1 |

(10' 125) |

33* =)

K ‘ ' — ! I =]
; 1
) [VCoONEC

‘ PRACRET Lpprvimipe Fo
"TITANIDM K —/ it RO,
GrACKET IWSULATOR

ALUVHINUM
STRUCTURE

(XX) PoLYirIDE F.6. NOGE
X VNPT TEMPERATVRES

| X'U:DE NOMBER

34 g!

S rm—

~-— PR .
0 o g v ey
~—— AP Bg ay oim
s




T143-DIR-2-19
Page 20 of 49

thickness, as shown in the figures. Analyses were also performed for a two inch
thickness. Both 10 PCF and 15 PCF density dynaquartz were considered, as well as
various thicknesses of the titanium bracket. To simplify the model, é plane of
symmetry was assumed to pass through the midplane of the titanium bracket in

Figure 12, and the model was constructed for the half of the bracket and insulation
between this plane and the RPP skin. This simplification is conservative since the
overall insulation design will result in Qreater heat input to the bracket from the
skin side than from the inboard side.

In the spanwise direction in Figure 13 the model includes the insulation
between the titanium bracket and the support lug. Only cne-half of the titanium =
bracket thickness was included for heat sink for nodes 6-8 and 76-78. The other
half was allocated for heat sink in the analysis of heat input from the support
lug to the titanium bracket, which is considered in a later section of this DIR.

The thermal model includes the cool end of the support lug Inconel bracket,
the polyimide insulators and aluminum structure shown in Figure 14. In order to
couple effects of heat conducted down the titanium bracket with effects of heat from
the Inconelbracket, the Inconel bracket temperature at nodes 32, 33, 69 and 70
and the insulating temperatures at nodes 71 and 72 were taken from the support lug
thermal analysis, T143-DIR-2-18, and used as input to the thermal analysis. Other
input temperatures taken from that analysis are the RPP skin temperatures at nodes
29 and 30 of Figure 12. The insulation surface temperature, node 25, of Figures 12
and 13 was taken from the Task 2 heat shield analysis, T143-DIR-2-13. These input
temperatures are presented in Figure 15.

The first analysis of the support lug insulation assembly was based on a
2 inch thickness of 10 PCF density dynaquartz and a 0.072 inch thick titanium bracket.
Results indicated that the insulation bondline would overheat, even though the
computer run was terminated prior to the time of peak bondline temperature. Three

additional analyses were made with 15 PCF density dynaquartz and various thicknesses
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of insulation and titanium bracket with the results summarized below.

Insulation Thickness Titanium Thickness Peak Bondline
Inches Inches Temperature, °F
2 .05 898
3 .08 647
3 .16 590

It is seen that the final design combination maintains the bondline below
its temperature limit of 600°F. It was somewhat surprising that the bondline tempera-
ture was so high, considering results of the canted heat shield analysis whichAshow
temperatures below 600°F with 1.5 inches of 10 PCF dynaquartz. The high temperature
for the support lug insulation assembly is due to three-dimensional heat conduction,
with heat transfer to the bondline from three insulation faces. It should be noted
that thermal conductivity data was not available for 15 PCF dynaquartz. Based upon
conductivities of 9 and 15 PCF Lockheed surface insulation it was assumed that
conductivity of 15 PCF dynaquartz is equal to that of 10 PCF dynaquartz.

Peak computed temperatures for the final configuration are presented in
Figures 16-18. Maximum temperature of the polyimide insulator in Figure 18 is 397°F,
which is well within tolerable limits. The aluminum substructure temperature had
not peaked at the end of the computer run at 5300 seconds. However, the temperature
rise of the aluminum at this time was only 113°F as compared to a temperature rise
of 110°F for the previous support joint analysis which did not include heat conduction
from the titanium bracket. Hence, the heat short from the titanium bracket is not
" considered excessive.

Upper Lug Insujation Assembly

The 152 node thermal model used for analysis of the upper Tug insulation
assembly is shown in Figures 19, 20 and 21. This model is based on 2.5 inch insula-
tion thickness on one side of the insulation block and 2.0 inch on the other sides,
as shown in the Figures. Analyses were also performed for a 2.0 inch thickness on

all sides. The insulation was 15 PCF density dynaquartz. Various thicknesses were
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analyzed for the titanium bracket. As with the lower lug, in the spanwise direction,

‘the model includes the insulation between its exposed surface and the titanium

bracket, and one-half of the bracket thickness was included for heat sink. However,
the model extends from the skin to the insulation surface opposite the skin, rather
than including only half this region as for the lTower lug. This is due to a lack
of thermal symmetry for the upper lug, which is exposed to relatively high tempera-
tures at the insulation surface, but much lower skin temperatures.

Insulation surface temperatures, nodes 1 and 25, were taken from Task 2 heat
shield analysis, T143-DIR-2-13 and cross radiation ana]ysis, T143-DIR-2-07. Skin
temperatures, nodes 29 and 30, werevjakgn from upper support lug thermal design
analyses discussed later in this DIR. These input temperatures are presented in
Figure 22.-

The first analysis of the insulation assembly was. based on 2 inch insulation
thickness on all sides of the insulation block, and a 0.10 inch thick titanium
bracket. Results indicated that the insulation bondline would overheat; therefore three
additional analyses were made with various thicknesses df insulation on one side
(dimension A of Figure 20), a constant 2-inch insulation thickness on the other two
sides (dimensioné B and C of Figure 19) and various titanium bracket thicknesses.

The results are summarized below.

Insulation Thickness

(Dimension A) Titanium Thickness Peak Bondline
Inches Inches Temperature, °F
2 0.15 610
2.5 0.10 610
2.5 0.16 556

It is seen that the final design combination maintains the bondline below
its temperature limit of 600°F. Peak computed temperatures for the final configuration

are presented in Figures 23 and 24.
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Lower Lug Insulation Near Support Lug Bolt

The bulk insulation for the lug is held in place by a titanium bracket as
shown in Figures 16 and 17. The bond used to attach the insulation to the bracket
has a maximum allowed temperature of 600°F. Since the thickness of insulation pro-
tecting the bond will be a minimum near the end of the lug attachment bolt, this
area was considered in detail. Only the windward side lug area was considered since
heat input is greater for it than for the leeward side.

Preliminary analyses showed that a computer analysis accounting for the
transient effects was required, so a thermal mode1 of the area was constructed.
Figure 25 shows the two-dimensional thermal model. Maximum temperature of the bolt
during the ground test of the windward lug was 1320°F as reported in T143-DIR-2-18.
Temperature'versus time obtained ;ér the bolt during the test (see Figure 26) was
input in the model for node 12 representing the bolt. |

Predicted bondline temperature versus time is shown in Figure 26, 1ndicatin§
a peak temperature of 633°F. This temperature should be quite conservative since
oﬁ]y a 0.032 inch thickness of titanium was included in the model. As discussed in
the previous section on the lower lug insulation assembly, the titanium bracket is
0.16 inch thick, and one half of this, 0.08 inch was allocated for heat sink for
bolt heat transfer to the bracket. The assumed initial temperature of 130°F intro-
duces additional conservation, such that the bondline temperature limit of 600°F
should not be exceeded.

LOWER PANEL INSULATION

The external surface of the wing aft of the RPP leading edge panel consists
of an insulating panel. The insulation is attached to a titanium panel which in
turn attaches to the aluminum structure of the wing. Maximum temperature allowed
on the aluminum is 350°F, therefore thermal analyses were performed to determine a

satisfactory method to attach the panel to the aluminum,
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A two-dimensional thermal model of the panel area was constructed and
computer routine LVV620 was used to obtain predicted temperatures. The thermal
model used in the analyses is shown in Figure 27. As explained on the Figure,
the model does not represent the final design configuration, but temperatures .
obtained with it should be conservative based upon results obtained during analyses
of the upper panel. During that analysis it was found that the following two
combinations of materials resulted in approximately the same temperature response for

the inner surface:

1.5" LI1500 _ 1.28" 10 PCF Dynaquartz
0.05" Titanium 0.064" Titanium

and
0.09" Foam 0.2" Foam

0.02" RTV Bond

comparing the differences between the model used in the Tower panel analysis and
the final design of the lower panel to the differences in the models used in upper
panel analysis, indicates that .approximately the same temperature response would be
obtained for both the final and initial designs of the lower panel.

The final design of the panel also includes bulk insulation on the inside of
the titanium panel. Addition of this bulk insulation to the thermal model would also
tend to result in lower predicted temperatures for the titanium and aluminum since the
additional insulation would serve as heat sink. (The thermal model assumed an
adiabatic surface at the titanium).

Since the actual construction details of the aluminum panel were not available,
a conservative approach was taken and only the part of the aluminum in contact with
the polyimide spacer was included in the model. This is probably a fairly good assump-
tion for the location near the bracket but it is conservative for the area between
brackets. It was also assumed that the aluminum had adiabatic surfaces except at
the polyimide spacer.

The recovery temperature and the convection coefficients used for the
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external nodes were the same as those used in the rib analyses of T143-DIR-2-07.
Multiplication factors used to modify the convection coefficients (which were for
the maximum heating location) were 0.423 at node 1, 0.411 at node 8, and 0.406

at node 15.

Predicted temperatures are shown in Figure 28 for the configuration with
a 0.25" thick strip of polyimide insulation between the aluminum and the titanium
panel. Temperatures of all the critical locations are below the maximum allowed.
Peak temperature at the bondline between the insulation and the foam is about 550°F,
"50°F below the 600°F maximum allowed. Peak température at the interface between the
polyimide and the titanium is less than 510°F which is well below the 700°F
maximum allowed. Also the pedk aluminum temperature, extrapolated to be 333°F, is
below the allowed 350°F.

An additional run was made with the thickness of the polyimide insulation
strip reduced from 0.25" to 0.125". Peak aluminum temperature increased from 333°F
to 381°F which is above the allowed 350°F. Interpo]ation between the two thicknesses
indicates that a 0.2" thickness of polyimide fiberglass insulator is adequate to
prevent the aluminum temperature from exceeding 350°F.

UPPER SUPPORT LUG

Thermal analyses and ground test results for the windward side lug were
reported in T143-DIR-2-18. An all metal joint was designed to connect the RPP lug
to the aluminum structure. The thermal requirements for the leeward side lug are
different from those for the windward side lug in the following ways: (1) the tempera-
tures of the RPP in the-area of the leeward side lug are considerably lower than for
the windward side, (2) the distance from the RPP surface to the wing structure is
less for the leeward side than it is for the windward side, and (3) the wing structure
at the Teeward joint is titanium with a design temperature 1imit of 600°F, whereas

the wing structure at the windward joint is aluminum with a design temperature of 350°F
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The net effect of the differences in thermal requirements for the two joints
is to make the windward side joint the critical one from the thermal design standpoint.
In order to simplify the overall design and keep the number of different kinds of
parts to a minimum the leeward side joint was made simi]ar to the windward joint
where practical, even though this may result in thermal over design.

A three-dimensional thermal model of the leeward side joint area was con-
structed and computer analyses were performed with VMSC routine LVV 620. The routine
accounted for heat conduction along the skin, the RPP rib, across the support joint
and the bracket into the titanium wing structure. Cross radiation from the skin to
the portion of the RPP rib outside the bulk insulation was also considered, as was
the heat conduction through the bulk insulation into the support joint and bracket.
The nodal division of the model is shown in Figures 29, 30 and 31. The model for
the rib area, Figure 29, is similar to that which was used in T143-DIR-2-07 to predict
temperatures of the ribs in the support joint area.

The recovery temperature and the convection heat transfer coefficients used
for the external skin nodes were the same as fhose used in the rib analysis of
T143-DIR-2-07. The external temperature of the bulk insulation was input as a
function of time as given in Figure 32. Thermal property data used in the analysis
are documented in the appendices of T143-DIR-2-11 ‘and T143-DIR-2-18.

Prior to the windward side analyses showing that an ail metal joint would
be satisfactory, a computer run was made with a joint composed of anlInconel bolt
and silica insulating washers. The results of this run are presented in Figure 33.
Peak temperature of the titanium is only 329°F for this type joint.

Figure 34 shows predicted temperatures for the all metal joint. Peak
temperature of the titanium is 452°F. This run was made with joint contact coefficients
of 100 BTU/hr-ft2°F and nominal conductance for the inconel. Also a preliminary

design of the bracket which was considerably lighter than the final design was used.
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FIGURE 29. - THERMAL MODEL OF CARBON-CARBON RIB AND SKIN
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Revision A

Predicted temperatures for the final bracket design are shown in Figure 35.
Peak temperature of the titanium is 438°F which is well below the allowed 600°F.
This temperature should prove to be conservative since a joint coefficient of infinity
(perfect contact at the joint bushings) was used.

It was determined during the analyses of the lower support lug thermal test
that a 20% 1increase in the thermal conductivity of Inconel yielded better agreement
with the test results., It was recommended that this modification be included in
future analysis. Therefore, a run was made with the increased conductivity and the
results are shown in Figure 35. Peak temperature of the titanium increased by 22°F
to 460°F which is still below the allowed 600°F.

The predicted peak temperatures for the runs are summarized in Table II.
The final design of the bracket is thermally sgtisfactory and has considerable

margin for the peak temperatures.
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JESIGN INFORMATION:

INTRODUCTION

A series of tests were performed on October 17-26, 1972 in the NASA MSC 10 MW

plasma arc facility upon a model of the shuttle wing leading edge, in accordance with

T143/51-20202. The objectives of these tests were as follows:

test plan

- Determine the magnitude of the gas leakage heating through the seal strip.

Provide parametric data on effect of flow and seal design variations upon

model temperatures.

Provide confirmation or correction to gas leakage analysis methods.

Evaluate potential methods of eliminating or reducing gas leakage heating.

This DIR includes discussion of the test model, test conditions, procedure, measurements

and results. A post test thermal analysis of the test model is also presented.

TEST MODEL

A single test model, shown in Figures 1 and 2 and defined in detail in VMSC

drawing T143T00008, and a calibration model, defined in VMSC drawing T143T00016, were

evaluated. This model was a full scale section of the MSC 25K shuttle orbiter vehicle

wing tip leading edge represented by the NACA 0010-64 air foil. This configuration was

selected for the following reasonsf
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1) Consistency with test facility.
2) Desirability of employing a model which will represent entire gas leakage
flow pattern,
3) Pre-test analysis results reported in T143-DIR-2-04 indicate model config-
uration provides reasonable simulation of reentry boundary layer flow.
Basic model size was 12.5 inches wide by 5.25 inches long with a 1.61 inch
leading edge radius and model material was bare RPP-1. The width of the model was
split into two sections by a seal strip which provided for adjustable seal geometry.
Four seal sgrips were constructed to obtain the nine seal geometries in Figure 3. Model
ends were closed out with graphite aerodynamic féirings and the downstream fairing
included a vent to free stream. Mounting to a sting adapter assembly was accomplished
with a graphite back closure. This closure was insulated with graphite felt. The
model was instrumented with sixteen thermocouples, the locations of which will be
shown in the test results.
Size and external contour of the calibration model was identical to the test
model, but the material was graphite. The model was instrumented with nine pressure
taps and nine calorimeters.

TEST CONDITIONS

The model was oriented at an angle of attack of 25° and a sweep angle of 60°
to the flow as shown in Figure 4. This orientation results in a Tocal theoretical
angle of attack normal to the leading edge of 43°. Nitrogen test gas was used to avoid
oxidizing the bare RPP model. Calibration runs were made with the graphite model to
‘establish flow conditions required to meet the three tests points called for in the test
plan. Two of these were achieved, and these are defined in Table I. The high pressure

test condition could not be met.
TABLE I TEST CONDITIONS

Test Enthalpy Pitot Wing Stag. 4" Dia. Wing Stag. Expected Wing S
Point BTU/Lb Pressure Line Press Flat Face Line Heat- Line Hesting Ra
PSIA PSIA Heating ing Rate* BTU/Fté Sec
Rate BTU/Ft< Sec
BTU/Ft2 Sec
1 16,500 .18 .071 102 24.8 100

2 11,000 1 .041 55 24 60
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Figure 1 GAP HEATING MODEL
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Bulk of the testing was performed at test point 1; one test was performed
at fest point 2. As can be seen, stagnation line heating rates, as measured by
calorimeters on the calibration model, were 1/3 to 1/4 of expected values, and the
reason for this is not presently known. The principal parameters requiring simulation
are enthalpy and pressure, because of their influence on boundary layer thickness.
Since the values of these parameters for the two lower pressure test points in the test
plan were achieved, it was decided to accept the low heating rates. It will be seen
in the discussion of post test thermal analyses that in order to obtain agreement
between computed model skin temperatures and thermccouples in areas undisturbed by gap
effects, it wés necessary to assume a stagnation line heating rate of 42 BTU/Ft2 Sec
at test point 1, which is in somewhat better agreement with expectations than the
calorimeters.

Heating rate and pressure distributions arouhd the model for test point 1 are
defined in Figure 5. When test facility operating conditions for each test point
were established, a four inch diameter, flat face model with a transfer reference calor-
imeter was inserted to establish a correlation between heating rate on the model
and that on the reference calorimeter.

It should be noted that the enthalpies in Table I are preliminary values.
A recent NASA MSC memorandum indicates that the actual enthalpy may be either higher or
lTower than the preliminary values, with an uncertainty range of 7200 to 35,000 BTU/Lb.
TEST PROCEDURE

When plasma arc operating conditions for a given test point were established
the reference calorimeter was inserted to confirm the heating rate. The test model
was then inserted, held for 120 seconds, and removed. This provided time for stabili-
zation of thermocouple readings with time. In the first test run only exposure time
was 60 seconds and thermocouples did not stablize, therefore this run was repeated.
During each test run surface temperatures were obtained at selected points by optical

pyrometer.

-
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TEST RESULTS

Test results are summarized in Tables II and III for the seal configurétions
shown in Figure 3. Thermocouple measurements for the reference thermocouples upétream
of the tee, T]7 and T18’ and downstream, T]4 and T15, were quite repeatable and in
reasonable agreement with pyrometer measurements. The upstream reference thermocouples
read 160 to 180°F higher than the downstream thermocouples, indicating higher heating
rates upstream, although another contributing factor was higher cross radiation relief
on downstream thermocouples due to radiation out of the vent hole on the downstream end
of the model. For a preliminary evaluation of the data, undisturbed reference tempera-
tures at the tee leading and trailing edges were established by interpolation between
measured values for T18 and T]9 on the stagnation line and T]7 and T]4 on the chord
line.
| . The highest temperature area in the seal region was the leading edge of the
tee, which ran about 180°F higher than the undistrubed value at the stagnation line and
160°F higher at the chord line, for a 0.025 inch upstream gap between the tee and thé
skin. This temperature was not affected significantly by rounding the edge of the tee.
On the stagnation line it was increased about 140°F over the value for a 0.025 inch
gap by increasing the gap to 0.05 inch and about 70°F by protruding the tee 0.03 inch
above the skin surface. Filling the gap with carbon filler material increased the
temperature of the seal leading edge at the stagnation line by 90°F, over the value for
a 0.025 inch gap, presumably due to suppressing cross radiation cooling effects.

The next highest temperature area on the seal was the trailing edge of the
tee, which ran about 110°F above the undisturbed value at the stagnation line and 100°F
higher at the chord line for downstream gaps up to 0.05 inch. Note that these preliminary
evaluations did not account for thermocouple or test environment variations.

Increasing the downstream gap to 0.10 inch (which is considered to be an un-
realistically large gap) increased this temperature at the stagnation line by 450°F

over the value for smaller gaps. The 0.10 inch gap also increased the skin temperature
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immediately downstream of the tee, T23, by 280°F over the value for smaller gaps. The
only effect of filling the downstream gap, relative to gaps of 0.025 to 0.050 inch,
was in reducing temperatures on the skin and rib underneath the tee. Blocking this
gap at the interior flange of the tee and rib (-13 assembly) had no effect.

' Removing the tee completely and replacing it with a filler, as shown in Figure
3 for the -14 assembly, increased the skin temperature downstream of the tee, T23, by
440°F over the value for tees with small downstream gaps.

THERMAL ANALYSIS

Thermal Model

Results of the gap heating tests show that temperatures on the tee seal are
higher than those on the undistrubed portion of the model skin. However, data trends
indicate that a large part of this temperature increase may be due to suppiessed Ccross
radiation cooling in the seal area. It is important to separate such effects from
heating due to gap air leakage and surface disturbances. A thermal analysis was there-
fore performed of the gap heating model to assess the relative importance of heat con-
duction and cross radiation effects as oppose& to convective heat%ng due to gaps.

A 166 node threg-diménsiona] thermal model was developed for the gap heating
model. Three sections cut through the model' are shown in Figures 6 ard 7. The model
includes effects of heat conduction in the RPP in spanwise, chordwise and across
_ thickness directions. Heat transfer across gaps is by either radiation or conduction
in carbon filler material, as appropriate. Cross radiation is included between the
inside of the skin, ribs, graphite felt insulation, and downstream aerodynamic fairing
with vent holes. Baseline computer runs were made with external convective heating
rates as determined by calorimeters on the calibration model. Adjustments were then
made-to these heating rates to force agreement with thermocouples in undisturbed
heating areas (nodes 15 and 18 at stagnation line and 14 and 17 at chord 1ine). Heating
in gaps was inferred by adjusting heating in these areas to force agreement between

calculations and thermocouple readings.
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Undisturbed Hgating;Distributions

Initial analyses to establisn the undisturbed convective heating distribution
were conducted for the -3 assembly tee configuration shown in Figure 3, with both up-
stream and downstream gaps sealed. Results using calorimeter heating rates with constant
heatihg in the spanwise direction showed calculated temperatures to be below thermo-

couple readings by the following amounts.

Downstream Ups tream
Stagnation Line 340°F , 490°F
Chord Line 200°F 290°F

To correct these differences it was necessary to incorporate the following

changes to the undisturbed heating distribution.

- Increase stagnation line heating rate at tee centerline from 24.8 to 42.3

BTU/Ft2 Sec.

.316

- Incorporate a spanwise heating distribution defined by z‘ﬁ’ L™ where L

is wetted distance from stagnation point on upstream fairing.
- Modify chordwise heating distribution as shown in Figure 5.
It will be noted that the exponent in the spanwise heating distribution relation N=-.316
is intermediate between the values normally éssociated with purely stagnation line flow
n=0 and wedge or flat plate flow, n=-.5. The final, undisturbed heating distribution
is shown in Figure 8. Computed temperatures with this heating distribution are compared

with measured values in Figures 9 and 10 and are in reasonable agreement.

Heating in Disturbed Flow Areas

Initial computer runs on the -3 assembly were performed with no heating in the
upstream gap between the tee leading edge and skin. Results at the stagnation line
gave a temperature for the tee leading edge, node 10, 73°F above that of the upstream
undisturbed value, node 18. Thermocouples indicated a temperature difference of 202°F.
It was concluded that part (73°F) but not all of the increased tee temperature was due

to suppressed cross radiation cooling caused by the carbon filler and two thicknesses
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of RPP (tee and skin). Hence additional runs were made with convective heating in the
upstream gap. Likewise, in the downstream gap between the tee trailing edge and skin
joggle, assuming no gap heating results in underpredicting temperatures.

In order to obtain agreement between computed and measured temperatures at
the tee leading and trailing edges and on the skin in the downstream joggle area, the
convective heating over the -3 assembly was set as shown in Figure 11. This figure
presents the ratio of local heating rate to the undisturbed heating rate at the same
location. The local heating rate presented is the avéragé heating rate over the nodal
heated area shown in Figure 11. The heating on the tee leading and trailing edge
external nodes is 22 to 24% above the undisturbed heating. On the tee leading edge
node this increased heating may be due to.eitherlheating in the 0.03 ihch gap
between the tee and the skin, or'toiincreased heating over the external surface.
Likewise, on the tee trailing edge node the inéreased heating is probably at least
paétia]]y due to heating on the backward facing step of the tee. Heating in the
downstream cavity varies from zero to 70% of undisturbed heating.

The temperatures computed for the -3 assembly with the heating in Figure 11 are
compared with measured tempefatures in Figures 9 and 10. It is seen that the agreement
is generally quite good. The greatest differences are for the tee leading edge at
the chord line, node 11, and the rib at the stagnation 1ing, node 3. The computed
temperature at node 11 is 295°F above the measured value. The local heating at this
location was not reduced to bring about better agreement because for the -2 assembly,
which also had a sealed upstream gap, the measured temperature at Tn was 337°F higher
than for the -3 assembly. On the other hand, for node 3 there was a consistent trend
for the various assemblies of computed temperature exceeding measured temperatures.

The difference was greatest for the -3 assembly (150°F) and the -7 assembly, both of
which had carbon filler in the downstream gap. For these two assemblies the difference
is believed to be at least partially due to inaccuracies in conductivity values used

for the carbon filler material. This will be discussed in more detail later.
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The heating distribution for the -2 assembiy is shown in Figure 12. On
this assembly the downstream gap was opened up to 0.025 inch. The heating on the
tee trailing edge external node and on the forward facing surface of the downstream
cavity were the same as for the -3 assembly. However, the heating on fhe cavity
floor was higher, varying from 21 to 82% of undisturbed heating. This later result
was sufprising, since no heating was required in the horizontal or vertical gap
between the tee and rib to match measured temperatures. Lack of heating in these
gaps would suggest little or no gap air flow and would indicate heating in the cavity
should be equal to that for the -3 assembly which had sealed gaps. This will be
discussed in more detail later. The most surprising result for the -2 assembly was
that in order to match measured temperatures it was necessary to impose increased
heating on the tee leading edge exterior nodes, even though the upstream gap was
completely sealed as shown in Figure 12. This is not understood at this time.
Comparisons between computed and measured temperatures for the -2 assembly
are given in Figures 13 and 14. The agreement is quite good except for the rib at
the stagnation line, node 3, where the computed temperature exceeds the measurement
by 100°F. A similar, but greater difference was also noted for the -3 assembly.
The heating distribution for the -1 assembly is shown in Figure 15. This
assembly is identical to -2 except that the downstream gap was further opened from
.025 to .050 inch, The heating distribution is identical to that for the -2 assembly,
‘ excepf for a slight increase in heating to the downstream cavity. Computed tempera-'
tures are compared with measured values in Figure 16 and 17. The greatest differences
are for the rib at the stagnation line Node 3 and the tee leading edge at the chord
line node 11, The 77° difference for node 3 is somewhat less than that noted previously
for the -3 and -2 assemblies. The 337°F difference for node 11 is similar to that noted
for the -3 assembly. The heatihg at this location was not reduced to bring about better
agreement for the same reason discussed in conjunction with the -3 assembly. There
appears to be no logical reason for T]] to be 337°F Tower on the -1 and -3 assemblies than

on the -2 assembly.
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The.heating distribution on the -7 assembly is shown in Figure 18. On this
assembly the downstream gap was sealed and the upstream gap was opened to 0.025 inch.
The only area of increased heating was the tee leading edge where the local average
heating was 15 to 37% above the undisturbed value. This is in line with results for
previous tee configurations and shows that opening the gap did not increase heating on
the tee leading edge.

Computed and measured temperatures for the -7 assembly are compared in
Figures 19 and 20. It is seen that the agreement is reasonable for external temperatures,
however, computed rib temperatures significantly exceed measured values. This trend
was seen for all tee configurations, but the magnitude of the differences is greatest
for the -3 and -7 assemblies, both of which have carbon felt between the tee and rib
in the downstream gap. It is believed that this is not due to RPP conductivity in-
accuracy, since the values used for this property are measured values for RPP-0, and
the RPP-1 used in the test model should have slightly higher conductivity.

It is more likely that the felt conductivity is lower than that used in the
analysis. The felt was compressed somewhat in the model installation, and limited
available data indicates this would lower the conductivity. It should be noted that
the computed temperatures in Figures 19 and 20 reflect a felt conductivity which was
reduced by a factor of 1/2 from the "nominal" values used in analysis of the other as-
semblies. A previous computer run for the -7 assembly with nominal felt conductivity
showed even greater differences between computed and measured rib temperatures.

It is evident that a further reduction in felt conductivity is required to
bring about reasonable agreement in rib temperatures. Additional computer runs were
made with furthef reductions in felt conductivity for both the -3 and -7 assemblies.
The results showed that reducing felt conductivity significantly improves agreement
between computed and measured rib temperatures and only slightly effects external tee
temperatures. From the standpoint of inferring heating rates in disturbed flow areas
the only area which is affected significantly is the floor of the downstream cavity

for the -3 assembly. Reducing felt conductivity with no change in heating on the
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cavity floor éaused computed temperatures in this area, T2 and T8’ to drop signifi-
cantly below measurements. Hence the heating in this area is probably higher than
than shown in Figure 11.

Final computer runs for the -7 and -3 assemblies were made with felt con-
ductivity 1/3 of "nominal" values. The heating distribution on the -7 assembly was
that shown in Figure 18, and computed temperatures are shown in Figures 21 and 22.
Heating on the -3 assembly was modified as shown in Figure 23 by increasing heating
on the cavity floor to the same values used for the -2 and -1 assemblies. As dis-
cussed earlier, it would be expected that heating in this area would be similar for
these assemblies. Computed temperatures for the -3 assembly are shown in Figures
24 and 25. Computed and measured rib temperatures are in much better agreement for
both -7 and -3 assemblies with the lower felt conductivity. External tee temperatures
are in slightly better agreement for -7, while for -3 computed external tee tempera-
tures slightly exceed measurements. Cavity floor temperatures for -3 are in reasonable
agreement with measurements.

The other tee configurations were not analyzed in detail. The -6, -15 and
-9 assemblies should be analyzed later. The -6 and -15 assemblies opened the upstream
gap to 0.05 inch and the -15 assembly also opened the downstream gap to 0.09 inch.

The -9 assembly introduced a 0.03 inch protrusion of the tee above the skin. The -12
assembly opened both gaps to 0.025 1hch, and it was not analyzed because the effects of
each gap were analyzed separately for the -2 and -7 assemblies. The other assemblies
were not analyzed because, as discussed earlier in the Test Results, the parameters
investigated proved not to have sigpificant effects or the design approaches represented

were found not to be favorable.

/
¢

Stagnation Line Temperature’Profi]e

Temperatures at the stagnation line of the -7 assembly are detailed in Figure
26 in order to illustrate a complete profile of computed temperatures, including loca-
tions where there were no thermocouples in the test model. This presentation reveals

an important fact, that is the temperature on the skin T155 immediately opposite the
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tee leading edge T]0 is almost as hot as the tee leading edge, 2642 versus 2669°F.

This is due to radiant heat transfer across the gap, since the convective heating im-
posed on node 155 was undisturbed heating. This indicates that mission 1ife of the skin
will be affected by the disturbed heating to almost the same extent as the tee. It had
been thought, based on thermocouple data alone, that only the tee was affected by the

disturbed heating.
APPLICABILITY OF RESULTS TO FLIGHT

As part of the seal strip gas leakage analysis, T143-DIR-2-04, a comparison.
was made between test and entry flow parameters, as shown in Table IV. This comparison
TABLE IV

COMPARISON BETWEEN PLASMA ARC TEST AND ENTRY
FLOW PARAMETERS

Enthalpy Boundary
Entry for Plasma Layer Energy* Entry Parameters
Time Arc Test Thickness, Inflow Velocity Altitude
Seconds BTU/Lb Inches BTU/Ft Sec Ft/Sec Ft
400 - 1.2%* 0.525 25,400 258,000
1200 - 0.54%* 1.342 19,900 225,000
- 13,435 0.342 0.612 - =/
- 11,367 0.455 - - . {
- 5,928%** 0.173*** - - -
* 0.05 inch gap; energy inflow per foot of gap length
=M (H - H,)

M = Mass inflow per foot of gap length, Lb/Ft Sec
H, Hw = enthalpy of air entering gap and at wall temperature, respectively, BTU/Lb

** 8,00 inch leading edge radius

**% High pressure test point which was not achieved in gap tests

indicated that boundary layer thickness in the test would be less than that in flight,
and energy inflow into gaps would be comparable to the high altitude entry condition
and about one-half of that for the low altitude entry condition. Test results indicate
that the disturbed heating on the seal is primarily a rough body or cavity flow effect,
which is sensitive to boundary layer thickness, rather than an inflow effect.

It should be noted that Scott, in a NASA Memorandum of Dec. 12, 1972, computéd
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The difference appears to be primarily in assumed leading edge radius which was 3

inches in Scott's analysis and 8 inches in Table IV. Scott's boundary layer

thickness calculations for the test model are comparable to those in Table IV for

similar assumed enthalpy. Enthalpy for the tests, however, has been measured by

various means as between 7200 and 35,000 BTU/Lb, according to a Scott memorandum of

Dec. 14, 1972. It is evident that this important parameter must be defined more

closely in order to make a firm comparison of entry and test flow parameters.
Correlation of the disturbed heating rates from the present study with avail-

able analytical relations and other empirical data in the literature is a most desirable

next step in the analysis in order to provide a rational basis for application to flight

conditions. However, it will be necessary to define the enthalpy for the tests more

closely in order to perform such analyses with confidence.

CONCLUSIONS

o The test objective of evaluating various seal configurations from a thermal
standpoint was met.

o Gaps should be maintained below 0.05 inch and tee protrusion should be avoided.

o The magnitude of temperature increase on the tee seal compared to the unperturbed
skin amounts to about 180°F for a 0.025 inch gap. Temperature increase on the
skin immediately opposite the tee will be slightly less.

0 Alternate seal configurations represented by -13 and -14 assemblies are not
beneficial.

o Making the tee fully integral with the upstream panel would result in increased
temperatures of about 110°F for the downstream overlap area.

0 Rounding bf the tee leading edge is not beneficial.

o Both increased convective heating and suppression of cross radiation cooling
contribute significantly to the increased temperatures measured on the tee seals.

o The technique of measuring temperatures, using tungsten-rhenium thermocouples
mounted within approximately 0.010 inches of the outer surface and covered with

C-34 cement, produced consistent and reproducible results. Replacement thermo-

couples and replacement parts produced 1ittle variance in temperature measured.
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RECOMMENDATIONS

0 When the enthalpy of the flow for the tests has been more closely defined, ad-
ditional analyses should be performed to correlate heating rates with available
theory and empirical data in the literature, and to apply results to flight
conditions.

o The post test thermal analysis reported herein should be extended to evaluate
effects of conductivity of RPP-3 versus RPP-1 and to include analysis of
additional tee configurations.

0 Additional tests should be performed at high stagnation pressures, possibly by
use of zero sweep angle, for simulations of low altitude entry conditions.

o Additional tests should be performed with more thermocouples in critical areas
and using infrared photography for detailed temperature maps.

o Coated RPP-3 models should be tested for better simulation of conductivity

effects and effects on the coating.



